FERROELASTIC MATERIALS FOR PI.. CU) PENNSYLYANIR STATE
UNIVY UNIVERSITY PARK MATERIALS RESEARCH LA..
UNCLASSIFIED L E CROSS ET AL. MAR 83 NBGBO14-78-C-8291 F/G 9/1 NL

fiD-A132 136 TARGETED BASIC STUDIES OF FERROELECTRIC AND 1/4 ‘1“

“=======
W | ] B [swo 0]




. 7 ———r—————
v ———— - e
e G i ey L e S A R R Ao R 5 O S e S ST T S
= 2 e R AT I B o i
g x
L . .\~..
el
oA
F s [y
R ) -« -
. 3 . - o™
s "4

o

1. ¥
(U IO LR LR PR

=N .,
r lN

(8 )
—

|

FPFFERER

EEEE

rr

[

e

=
N

| S

=
)
N

e
um

lizs s,

e

el

I

li=

o

I

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS-1963-A

T

—— e W K WV Y




g
\ [ ]
3
~—— a] .‘-:;
(]
TARGETED BASIC STUDIES OF FERROELECTRIC AND FERROELASTIC ‘
MATERIALS FOR PIEZOELECTRIC TRANSDUCER APPLICATIONS _4
: ~
T
:.1
Contract N». NOOO14-78-C-0291 .
als 3
4
| :.;
Sponsored by '-.1
The Office of Naval Research }
"
.L.E. Cross J
~ R.E. Newnham ]
G.R. Barsch 1
J.V. Biggers 5
= {"‘v
; E ﬁ Q-'\;—‘* ~::
(\ ELECTE, '_-':x"-.‘;
L e g \..:1
. SEP7 1983 1? 53
SR
D B9,
DISTRIBUTION STATEMENT A D 1
Approved for public release; :";
Distribution Unlimited :--’:
1
B
!
MATERIALS RESEARCH LABORATORY ol
: , 3
R
THE PENNSYLVANIA STATE UNIVERSITY 1
R
UNIVERSITY PARK, PENNSYLVANIA 16802 ;
83 09 066 053 M
- ~ — ~— . | e R

ST SRR PG W PE.N VDN DN D D DUy W Wi ) - > - -




p
2
b
i
E
£
v
4

L B e S o

— T e T i

TARGETED BASIC STUDIES OF FERROELECTRIC AND FERROELASTIC
MATERIALS FOR PIEZOELECTRIC TRANSDUCER APPLICATIONS

Period December 1, 1981 to December 31, 1982

Final Report
OFFICE OF NAVAL RESEARCH

Contract No. N0O0014-78-C-0291

APPROVED FOR PUBLIC RELEASE — DISTRIBUTION UNLIMITED

Reproduction in whole or in part is permitted for
any purpose of the United States Government

L.E. Cross
R.E. Newnham
Accession For G.R. Barsch
| NTIS GRA&I }i: J.V. Biggers
DTIC TAB 0
Unannounced O

Justification __ |

By.
_pistribution/u N
Availability Codes
|Avail and/or
Dist | Special

e B L e e s e e e S i e e ik S L

bttt el etk 5 il I - B S S S SR ST ERg SR SR SN0 AP S S G T S O W e ML e BN E L AR W A S R




A

Unclassified [Coid L

SECURITY CLASSIFICATION OF THIS PAGE (When Date Entered)’ ..
REPORT DOCUMENTATION PAGE BEF*},%;"C%’,S;EL_'%T,}gN:ORM ‘
[T. REPORT NUMBER 2. GW Accgin ioic . RECIPIENT'S CATALOG NUMBER 1
A . TITLE (and Subtitie 8. TYPE OF REPONRT & PERIOD COVERED X
TARGETED BASIC STUDIES OF FERROELECTRIC AND Final o
FERROELASTIC MATERIALS FOR PIEZOELECTRIC Dec. 1, 1982 - Dec. 31, 1983 ;
TRANSDUCER APPLICATIONS 6. PERFORMING ORG. REPORT NUMBER .14
T AUTHOR(S) T CONTRACT O GRANT NUMBER(S) i
3 L.E. Cross, R.E. Newnham, G.R. Barsch 4
and J.V. Biggers NO0014-78-C-0291 :.l
9. PERF-ORMING ORGANIZATION NAME AND ADODRESS 10. PROGRAM ELEMEN ROJECT TASK 1
Materials Research Laboratory AREX Y WoRic UNIT NUMSER |
The Pennsylvania State University !
University Park, PA 16802 ]
1", CPNTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE .-;
Office of Naval Research March 1683 4
Room 619 Ballston Tower, 800 N. Quincy St. . NUMBER OF PAGCES

Arlington, VA 22217

T4, MONITORING AGENCY NAME & ADORESS(If different from Controfling Office) 1S. SECURITY CLASS. (of thia report)

UNCLASSIFIED =]

Se. DECLASSIFICATION/ DOWNGRADING
SCHEDULE

6. OISTRIBUTION STATEMENT (of thie Report) -

Reproduction in whole or in part is permitted for any purpose of the P
United States Government =

17. DISTRIBUTION STATEMENT (of tha abetract eatered in Bfock 20, If different from Report)

o o
roo gt ie a0t gt gt g

-®
18. SUPPLEMENTARY NOTES
oy
RO
E
@4
19. KEY WORDS (Continue on raveree alde If necessary and identify dy block number) e
’ /\ :
‘ 3
ABSTRACT (Tentimse an reverse oide if necvesary and identify by dlock numnber) ;..
<*The work reported covers the fifth and final year of the program of “Targeted ]
Basic Studies of Ferroe]ectric and Ferroelastic Materials for Piezoelectric Trans- 4
ducer Applications.Y. The report delineates the new progress made in the final
year and discusses th maJor accomp11shments of the full five year program both in
the basic science and the spin off to practical transducer applications. -0
Possible new areas of s udy which are suggested by the present studies are briefly %
]

reported. ]
(Contlnued on the back) 1

DD , ”“ .,, M73 eomomsor udy €S (S OBSOLETE

/ SECURITY CLASSIFICATION OF THMIS PAGE (When Date Entered)

P PP AN PO TY DS SR TR PG G G AU S Ty T - b - Ak A PR TN SUR VO SRy PO WP BPRCIPR NPRS SO S -l




e A ST T T I T - IR g e (T ———— Ty R i . |

SECYRITY CLASSIFICATION OF THIS PAGE(Whan Dete Entered)

Over the course of the five year program, more than 130 papers have been
published in refereed journals, 27 invited and almost 100 contributed papers have
p been presented at national and international meetings and 10 invention dis-
closures are being processed for patents.

VWL L PUST PRI AR W b4 E IR SN RN

~ Major achievements include the development of a physical approach to under-
standing active composites, leading to the development of several new families
of PZT:polymer piezoelectric composites for hydrophone application. New
advances in the phenomenology and microscopic theory of electrostriction, and
the evolution of a new family of high strain ferroelectric relaxor materials for
practical application. New basic understanding of the polarization mechanisms
in ferroelectric relaxors has been aided by the study of order-disorder of the-
cation arrangement in lead scandium tantalate, and the results correlate well
with studies of relaxor behavior, and of shape memory effects in PLZT ceramics.
Low tomperature studies on pure and doped PZTs have given the first clear indi-
cation of the intrinsic (averaged) single domain response and correlate exceed- ;
ingly well with earlier phenomenological theory. Crystal growth and ceramic sl
processing studies have developed 'hand-in-hand' with program needs providing '@
new forms of coriventional materials, new grain urienied structures and singic . ]

crystals.

| DR AT

) £
I L

. ‘SECURITY CLASSIFICATION OF THIS PAGE(When Dets Entered)




Fyﬁj_ﬂ_w_—v:v~-r‘v;:-;-.v.r— ——— ..ﬁ'*'."""r'?'*" e A L ey e e e i 1
X
t_,- o
o i J
s ]
- '
;5, TABLE OF CONTENTS
;_’f-'
*—d e IMIREDUETION.. o 0 5 o0 v sh e o o 615 o ofe B o o & o o o 516 o s 5 ] =1
t. ..
E- SEGTEN S 6 66 6 6 0 0 6 0 0 0 0 0lolld © 0 000 a o o dolldio o c 2 ;
2 1.0 STUDIES ACCOMPLISHED IN THE CONTRACT YEAR 1982-83 . . . . 3 ]
S L
- 1.1 Introduction . . . v v v v e e e e e e e 3 *
1.2 Eleetrostriction . ... . . . ¢ . s ¢ g e e o o o s 3 2
1.3 Piezoelectric Composites . . . . . . . . . . . . .. 3
1.4 Pyroelectric Materials . . . . . . . .. ... ... 4
1.5 Ferroelectric Bicrystals . . . . . . . . .. . . .. 4
1.6 Crystal Growth . . . . . . . . . . . ¢ v v v v .. 4
1.7 Thermodynamic Phenomenology. . . . . . . . . . . . . 5
1.8 wrain Oriented Ceramics. . . . . . « « v ¢ v v « . . 5
2.0 ELECTROSTRICTION. . . . . & v ¢« v v e v e e e e e o v u 6
2.1 Precise Measurements . . . . . . . . . . . . .. .. 6
2.2 Measurements of the Converse Electrostriction in
Perovskite Halides . . . . . . . . . « .« « . . . 8
2.3 Temperature Dependence of Dielectric Permittivity
in KMnFy o 0 . . s s L e e e e e e e e e e e e e 8
2.4 Basic Theory . . . . v ¢« v v i v e e e e e e e e 9
2.4.1 Introduction. . . . . . . . . . .« . ... 9
2.4.2 Major Results . . . . . . ¢ ¢ v v v v v v v 9
2.5 Electrostriction in High K Dielectrics . . . . . . . 12

2.5.1 Ultradilatometer for Wide Temperature Range . 12
2.5.2 Ferroelectric Relaxors. . . . . . . . . . .. 12

2.6 Poling and Depoling Behavior in PLZT 8:65:35

", Transparent Ceramic. . . . . . . . « « v v ¢« o« o o 14
% 27 SUTmERY. 18 . . o ol o LA R e s . . 16
E; 3.0 PIEZOELECTRIC COMPOSITES. . . . . « v v ¢ v v o o « o o . 17
F 3.1 Introduction . . . . . . . ¢ v« v o o 0 e e e . 17
3 3.2 Piezoelectric 3-3 Composites . . . . . « « . v . . . 17
:L- 3.3 Perforated PZT-Polymer Composites. . . . . . . . . . 18
R 3.4 Piezoelectric Composites of 1:3 Connectivity . . . . 19
;i FAT INCFORUEEION: & o wim . 4 s i . e % os s 19
£ 3.4.2 Experimental Studies. . . . . . . . . . . .. 19
b= 3.4.3 Theoretical Analysis. . . . . . . . . . . .. 21
2 3.4.4 Discussion. . . . . . . . .00 .0 23
E _ 3.5 Polar Glass Ceramics . . . . . « v ¢ v ¢« o o « o + . 25
F! 35551 "INErodUCETON. =% % (5 o o o o e e s e e s s s 25
! 3.5.2 Application of Piezoelectrics . . . . . . . . 25
E' B SUWETY: . . - v o o b e w e s d e e 26
S

e
R

PRI IPRE P W R PR IR WA WA WU Sl Gy Nh G O R0 WL, S, 0 -

F
b
:
]
E
]
]
L
!
3
E
4
s
i




e e Tl v oo e el S b b e e I A B i o B

ii

4.0 PYROELECTRIC MATERIALS. « . « « « v v v v v v v o o v o

4.1 Micro Composites . . . . . « « ¢ . o o o oo ..
4.2 'Doped' Tungstern Bronze and TGS Structure Single
Crystals - « « « ¢ ¢ ¢ v o v v i e v e e e e e

5.0 FERROELECTRIC BICRYSTALS. . . « « « ¢ ¢ v ¢ v v v v o o

5.1 Introduction . « « ¢ ¢ ¢ ¢ ¢ v e e e e e e e e e e
5.2 Summary of Work. . « « « « « ¢ v o 0 0 e e .

6.0 CRYSTAL GROWTH. « « v ¢ ¢ v v v v v v v v v 0 o o v u o

6.1 Introduction . « « « & ¢ ¢ v 0 v e e e e e e e e
6.2 Lead Barium Niobate. . « « « « ¢« ¢ & v v ¢ ¢ o« o
6.3 Fresnoite and Analogues. - . . . . . . . - . . . ..
6.4 Perovskite Halides . . . « « « « « « ¢ ¢« « ¢ o o o .

7.0 THERMODYNAMIC PHENOMENOLOGY . - . . « « o ¢« ¢ « o ¢ o o .

7.1 Dielectric Measurements. . « . « « « ¢ ¢« « « o o . .
7.2 Dielectric Measurements on 'Soft' PZT. . . . . . . .
7.3 PLZT Relaxations . . « « ¢ ¢« ¢ ¢ v ¢« o ¢ o o o o o &
7.4 Dielectric Properties of PZTs at Low Temperature . .

8.0 GRAIN ORIENTED CERAMICS AND OTHER PREPARATIVE STUDIES . .

8.1 Introduction . « « « « ¢ ¢ ¢ ¢« & & « ¢« 4 e e e e
8.2 Grain Oriented Bismuth Oxide Layer Structures. . . .
8.3 Graiq Orjented Tungsten Bronze Materials . . . . . .

8.4 Fabrication of Png1/3Nb2/303 ........ - ks
9.0 RECENT STUDIES NEARING COMPLETION . . . . . . « « . .« . .
REFERENCES « « = + v ¢ & o o o o o o o o o o o o o o o o o o .

* APPENDIX 1 Electrostriction in Fluoride Perovskites . . .

;t APPENDIX 2 Temperature Dependence of the Dielectric Constant
. of KMnF3 . e o & o & e s e s o s e o s e o e e e e
:_ APPENDIX 3 Thermodynamic Definition of Higher Order Elastic,
- Piezoelectric and Dielectric Coefficients. . . . .
APPENDIX 4 Propagation of Small Amplitude Elastic Waves in a

Homogeneously Stressed and Polarized Dielectric

MedillimPamae S A SRS SN A Gl SN S

APPENDIX 5 Lattice Theory of the Nonpolar Nonlinear Elastic
Dielectric in the Shell Model. . . . . . . « . . .

APPENDIX 6 Shell Model Calculation of Electrostriction
Coefficients of Rocksalt-Type Alkalj Halides . . .

47

49

|

53

55




APPENDIX 7 Temperature Variation of Electrostriction of Y

SrT103 ...................... 57 -4
APPENDIX 8 Polarization and Depolarization Behavior of Hot !}
Pressed Lead Lanthanum Zirconate Titanate -

Ceramics . . v v & v v v e e e e e e e e e e e e 59
APPENDIX 9 New Developments in Piezoelectric and Electro- q
strictive Materials. . . . . . . . .. . .. ... 61 ;-
3
APPENDIX 10 Piezoelectric Composites. . . . . . . . . . .. . 63
APPENDIX 11 The Die]ectric Properties of Pb(Sc; 42Ta] 2 0 and E
Pb(Sc]/2 ]/4 ]/4)0 Ceramics Unde as3 . . 65 3
APPENDIX 12 Reversible Pyroelectric Effect in Pb(Sc]/ZTa]/2)03 !?

Ceramics Under DC Bias. . . . . . . . . .5, %, 67

APPENDIX 13 The Growth and Properties of a New Alanine and
Phosphate Substituted Triglycine Sulphate (ATGSP)
Crystal . . . . . . o o e e e e e e e e e e e 69

APPENDIX 14 Domain Configuration and Piezoelectric Behavior
of Lithium Niobate Bicrystals . . . . . . . . . . 71

APPENDIX 15 Dielectric Behavior of Lithium Niobate Bicrystals 73

APPENDIX 16 Thermally Stimulated Current in Lithium Niobate
Bicrystals. . . . . . . ¢« ¢ i ¢« i i e e e e 75

APPENDIX 17 The Influence of Piezoelectric Grain Resonance
on the Dielectric Spectra of LiNbO3 Ceramics. . . 77

APPENDIX 18 Ferroelectric Properties of Tungsten Bronze Lead

Barium Niobate (PBN) Single Crystals. . . . . . . 79
APPENDIX 19 Low Field Poling of Soft PZTs . . . . . . . . .. 81
APPENDIX 20 Dielectric and Piezoelectric Properties of Pure
Lead Titanate Zirconate Ceramics from 4.2 to 83
oy 300 K =i s o BB H e e g e e e e e s 83 ]
.?j APPENDIX 21 Dielectric and Piezoelectric Properties of Modified j
.- Lead Titanate Zirconate Ceramics from 4.2 to :
; WO 33y, 333 13 . 326 .58 ... 85 ]
»Q —— : : ; . L3
. APPENDIX 22 Fabrication of Grain-Oriented Bi WO, Ceramics . . 87 3
C APPENDIX 23 Fabrication of Grain Oriented PbB12Nb206 Ceramics 89 ;
| 4
APPENDIX 24 Grain Oriented Piezoelectric Ceramics at Penn ]
SEECR o o v 5 0 s 0 5 5 5, s e 5 e s e,aR R am 91 L
19 o
- APPENDIX 25 Fabrication of Perovskite Lead Magnesium Niobate. 93 ]
:1 ]
1 ;
L »
13 b
: 1
L-' R . UL BTN I, IR P WA I U BN » 3 el o PR P R S e e A SO s A A L_i




i S Rk e B s e Sofe e Lot n it Lt el Satc o b Gt o i e et it et S i e S b B S A i e e e e ~ T Ty =

1

iv

i - g

APPENDIX 26 Dielectric Properties of Pyrochiore Lead
Magnesium Niobate . . . . . . . . . . .. O |

{ APPENDIX 27 Electrostriction. . . « « v v v v v v v v v v . 97 :

APPENDIX 28 Electrostriction and Its Relationship to Other
Properties in Perovskite-Type Crystals. . . . . . 99

APPENDIX 29 Direct Measurement of Electrostriction in
Perovskite Type Ferroelectrics. . . . . . . . . . 101

TRl .

APPENDIX 30 The Effects of Various B-Site Modifications on the

3

3 Dielectric and Electrostrictive Properties of Lead

- Magnesium Niobate Ceramics. . . . . . . . . . . . 103
-3

[‘ APPENDIX 31 Perforated PZT Composites for Hydrophone

B Applications. . . . . . . . . . . ¢ .. e .o 105
-

I APPENDIX 32 Transversely Reinforced 1-3 Piezoelectric

- GOMPOSITEESE o+ = Fol o o @ o o o dls o s e o . 107
E1 APPENDIX 33 PZT-Polymer Composite Transducers for Ultrasonic

] Medical Applications. . . . . . . . . . . . . .. 109

. APPENDIX 34 Glass-Ceramics: New Materials for Hydrophone
b Applications. . . . . . . . . .. 00l 111

APPENDIX 35 Pyroelectric Property of Pb(Scy/pTajy2)03 Ceramics
Under DC Bias . . . . . . ¢« v v v v ¢ ¢« o o« v o 113

APPENDIX 36 Electrical Poling and Depoling Studies on the

Relaxor-Ferroelectric 8:65:35 PLZT. . . . . . . . 115
APPENDIX 37 Pyroelectric Properties of the Modified Triglycine
- Sulphate (TGS). . . . . . . ¢ v v v v v v v v v . 117
E* APPENDIX 38 Pyroelectric and Piezoelectric Properties of
- SbSI:Composites . . « . . . & ¢ ¢ ¢« v 4 e e .. 119
Eé APPENDIX 39 A KNew Family of Grain Oriented Glass-Ceramics for
Piezoelectric and Pyroelectric Devices. . . . . . 121
APPENDIX 40 Low Temperature Pyroelectric Properties . . . . . 123
;: APPENDIX 41 The Growth and Properties of a New Alanine and
e ( Phosphate Substituted Trigoycine Suiphate (ATGSP)
3 CrySEariim o arams! mim! RmE &0 2 L LR L L L4 125
: APPENDIX 42 Some Interesting Properties of Dislocation Free
Single Crystals of Pure and Modified
1 SrO.SBaO.SNbZOG 8 SN RO S S et o la ol U&7
! APPENDIX 43 The Ferroic Phase Transition Behavior of
: Pb(Zr0.6T10.4)03. ............... 129
e b A i et i it i i




»
|4
3
»

v 0
APPENDIX 44 Dielectric and Piezoelectric Properties of ]
Tungsten Bronze Lead Barium Niobate j
(Pbeal-beZOS) Single Crystals . . . . . . . .. 131 -.i
APPENDIX 45 Relationship of Crystallographic Polarity to ;
Piezoelectric, Pyroelectric and Chemical Etching i
Effects in LizGeO3 and LiGaO2 Single Crystals . . 133 f
APPENDIX 46 Specific Heat of SbSI . . . . . . v o . . . . . 135 ;.i
APPENDIX 47 Magnetic-Field Dependence of the Soft-Mode {
Frequency in KTaO3 at 20k . . . . ... ... 137 E
] {00 1 (0] 4 139 g
-
1.0 SUMMARY OF WORK OVER THE FIVE YEAR CONTRACT PERIOD. . . . 140 Oj
1.1 Introduction . . . . . . ¢« . . ¢« ¢ ¢« ¢« v v v v .. 141 %
2.0 IMPORTANT CONTRIBUTIONS IN BASIC SCIENCE. . . . . . . . . 142 f
2.1 Composite Piezoelectrics . . . . . . . « .+ . . . .. 142
2.2 Electrostriction . . . . . . . . . . .. 0o 143
2.2.1 Introduction. . . . . . . . . . . . . . .. 143
2.2.2 Theoretical Work. . . . . . . . . . . .. .. 143
2.2.3 Experimental Observation. . . . . . . . . .. 144
2.2.4 Electrostriction in Perovksites . . . . . . . 144
3.0 FERROELECTRIC BICRYSTALS. . . . ¢ © v v v v v v v v v o 146
3.1 Introduction . . . . . . . ¢ « . ¢« i e v e .. 146
© 3.2 Bicrystal Studies. . . . . . . . . . .. 0oL, 146
3.3 Lithium Niobate Ceramics . . . . . . . . . . . . . . 146
4.0 FERROELASTIC SHAPE MEMORY . . . . . . .« . v v « v v « « . 148
4.1 Introduction . . . . + . & . ¢ it 0 v e e e e e e 148
4.2 Shape Memory in PLZT Compositions. . . . . . . . . . 148
5.0 DEVELOPMENT OF A FULL ELASTIC GIBBS FUNCTION FOR PZT. . . 149
5.1 Introduction . . . . . . . . . . . . . . . o e .. 149
5.2 New Data for PZT Family Compositions . . . . . . . . 150
5.2.1 Thermal Changes . . . . . . ¢« ¢« « v v « o « & 150
5.2.2 Low Temperature Measurements. . . . . . . . . 150
6401 BYROEEECTRECSE o ot s s s s o oo 0 e ot e e ol 153
7.0 PREPARATIVE STUDIES . . . .« & v v v v v v e e e e v e v 154
REGERENGES] o & s 8 & Sl 0 a TAm s AW A ", Ml m e ow 155
e T O R T P S s R P P ST R ORI




rvvv*\,-—‘»o"ivr“v\_'.'\v Gl G S o B e L L Ees i S LS LS L i i i i ) T—— e T AR e s e L i r ki
- - Y - . e d . E 2
b .
L

a0

W
l:-L_ S 'd'

@ vi

pORp!

APPENDIX 2.1 Composite Piezoelectric Transducers. . . . . . . 157

ut! APPENDIX 2.2 Perforated PZT-Polymer Composites for -
b Piezoelectric Transducer Applications. . . . . . 172

APPENDIX 2.3 Landau-Devonshire Theory with Rotationally
Invariant Expansion Coefficients . . . . . . . . 182

 RIEONVON .8

APPENDIX 2.4 A High-Sensitivity AC Dilatometer for the Direct
Measurement of Piezoelectricity and Electro-
striction. . . . . . .. . 00000 0000 187

-
POTON

APPENDIX 2.5 Large Electrostrictive Effects in Relaxor
Ferroelectrics . . . .« . . « . ¢ ¢ ¢« v o o« . . . 195

APPENDIX 2.6 Review: Electrostrictive Effect in Perovskites
and Its Transducer Applications. . . . . . . . . 201

APPENDIX 2.7 The Role of B-Site Cation Disorder in Diffuse
Phase Transition Behavior of Perovskite
Ferroelectrics . . . . . . . . 5o o o Ao N . 212

APPENDIX 2.8 The Influence of Piezoelectric Grain Resonance
on the Dielectric Spectra of LiNbO3 Ceramic. . . 218

e ..L o Lt_‘L l; 'ﬁ"L"""

APPENDIX 2.9 Shape-Memory Effect in PLZT Ferroelectric
CORGMITESI N R S R e e . 239

APPENDIX 2.10 Polar Glass Ceramics. . . . . . . . . . . . . . 258
APPENDIX 2.11 BaTiGe 08 and BazTiSiZO8 Pyroelectric Glass-

Ceramig .................... 263
APPENDIX 2.12 Densification in PZT. . . . . . o 270
SECTION III . . v v v e e e e e e e e e e e e e e e e e e e e e 275

1.0 PRACTICAL INDUSTRIAL DEVELOPMENTS BASED ON CONTRACT WORK. 276

1.1 Introduction . . . . « © v v v v v ¢ v ¢ v e e e e 276
i‘ 2.0 ELECTROSTRICTIVE CERAMICS . . . . . . . v v v v v « « . 277
f 3.0 COMPOSITE PIEZOELECTRICS. . . . & v v v v ¢ v v v v « « & 278
L.
;,. 4.0 PIEZOELECTRIC GLASS CERAMICS. . . . . « ¢« ¢« v v « « . . . 280
&
. 5.0 NEW FERROELECTRIC CRYSTALS FOR ELECTRO-QPTICS . . . . . . 281
1 SNONNPATIENTIST sh A AR E R B S S s e e L 282
+ @
-5
-
5
X
| @
-
b.
3 ‘

&1---\:L1th\ - o PP S LA ST CPUT L YR A 0 R T N TR Iy L e NN )




L ‘-ﬁ,‘_'i‘,“. el o o oo o s

- - .'."_."i".'-*z P m
vii DJ
SECTION IV-A. . v v v v v e e e e e e e e e e e e e e e e 284 ]
1.0 TOPICS AND OPPORTUNITIES FOR FUTURE STUDY . . . . . . . . 285 ii
g
1.1 Introduction . . . . . . . . . . . . . ... . . . . 285 ;
2.0 COMPOSITES STRUCTURES . . + & v v v v v v v v e e e 286 3
2.1 Creative Techniques for Scale Reduction. . . . . . . 286 P
2.2 Alternative Polymer Components . . . . . . . . .. . 286
3 2.3 Active Matching Layers . . . . . . . ... .. .. . 286 ‘
I 2.4 Ferroic Composite Sound Absorbers. . . . . . . . .. 287 3
- 2.5 Model Studies. . . . . . . . .. 000000 . . 287
& 3.0 ELECTROSTRICTION. .+ v « v v v v v v v v o e e e e e e u 288 —
[ _ _ J
E 3.1 Microscopic Theory . . . . . « ¢ v v ¢« v v v o « . . 288 :
- 3.2 Basic Experiments in Electrostriction. . . . . . . . 288 g
5 3.3 Practical Electrostrictors . . . . . . . . . . ... 288 :
1
- 4.0 CONVENTIONAL PIEZOELECTRIC CERAMICS . . . . . . . . . . . 290
e 4.1 Theoretical Description. . . . . e e e e e e e 290
4.2 nNew Experimental Studies . . . . . . . e e e e e . .29
5.0 PREPARATIVE STUDIES . . . « v v v v v v v v v o .. 292
5.1 Organic Methods. . . . . . . . . . . . . ... ... 292
5.2 Fast Firing Techniques . . . . . . . . . e e e .. 292
5.3 New PbTi0, Based Compositions. . . . . . . . . . .. 292
5.4 Low Firing Relaxor Combinations. . . . . . e e .. 292
5.5 Grain Orientation Methods. . . . . . . . . . . . . . 293
6.0 FLEXIBLE ELECTRODES . . . . . T OAEE . . . e e e e e e e 294
:f: 6.1 Contact to Composite Structures. . . . . . . . . . . 294
$i< 6.2 Electrode:Dielectric Interface . . . . . . . . . .. 294
1
- SEGTIONIEVEBE S 0 o s o B f e e B S S e e e e e - 295
E! 1.0 RELEVANCE OF THE WORK TO OTHER AREAS OF ELECTROCERAMICS . 296
g 1.1 Introduction . . . + v v v v v v e e e e e e e 296
=
. 2.0 ELECTROSTRIGTIONE . . . - . & « v v ¢ « = = « « o o « « & 297
?! 3.0 COMPOSITE STRUCTURES. . « . + v v v v v v v v v v v v o 299
i 4.0 RELAXOR FERROELECTRICS. . . . « « = v ¢ v « « . S . - . . 300
4 5.0 PHENOMENOLOGICAL THEORY . . . . . . . v v v v v v v v . . 301
= 6.0 PREPARATION AND CRYSTAL GROWTH. . . . . . . . . . s s s 0B
0
L(_
!




L e Sy

e e e e i e e~ B AL S - - - -

INTRODUCTION

This report on the program of "Targeted Basic Studies of Ferroelectric
and Ferroelastic Materials for Piezoelectric Transducer Applications" covers
the 5th and final year of the program. The format of the report differs
significantly from that established in earlier years of the contract and the
presentation is made in 4 major sections. Section I covers work in the final
year (1982). Highlights of the results are discussed, but to conserve space,
only abstracts of papers published over the year are presented. Section II
which comprises the major part of the report summarizes the mast important
achievements over the full five years of the program. Key papers which repre-
sent critical steps in the forward progress are presented in the appendix.
Section III discusses the more practical spin offs from the contract studies,
indicating the areas where ideas evolved under the basic contract are now
being taken up for practical exploitation in industry. Section IV underscores
a number of opportunities for future study which have been'outlined by the
current program, and attempts to delineate the relevance of a number of the

contract studies to progress in related areas of electroceramics research.




SECTION I
STUDIES ACCOMPLISHED IN THE CONTRACT YEAR 1982-83
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1.0 STUDIES ACCOMPLISHED IN THE CONTRACT YEAR 1982-83
1.1 Introduction

Major accomplishments in the work over the last year include:

1.2 Electrostriction

(a) In precise measurements of electrostriction, we have the first clear
evidence of a frequency dependence in measured Q]] values.

(b) From the theoretical studies, general relations have been derived for
converting coefficients derived in conventional formulation to those of the
rotationally invariant Toupin theory. In the microscopic theory, it has been
shown that anharmonic many-body perturbation theory in the quasiharmonic pertur-

(1.1)

bation theory of Bruce and Cowley , With a realistic model for the inter-
atomic forces, is adequate for the calculation of room temperature value of the
electrostrictive Q constants in perovskites but is completely unable to account
for the experimentally observed temperature variation of electrostriciton.

(c) A new simpler capacitance ultradilatometer has been constructed to
measure temperature dependence of electrostriction in high permittivity solids,
so as to provide additional data for verification of the theoretical models.
This new system has been used to explore electrostriction in a number of new
relaxor ferroelectric solids.

(d) Detailed examination of the poling and depoling behavior in 8:65:35
PLZTs with relaxor character has given convincing evidence for the super para-

electric behavior of polar micro regions at temperatures close to the dielectric

maximum.

1.3 Piezoelectric Composites

(a) For 3:1 polymer:PZT composites, the effects of transverse reinforce-
ment upon the hydrophone performance has been explored in detail, and a more

complete theory for the behavior developed.
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(b) Polar glass cerémic composites have now been investigated in more
detail and shown to have hydrophone figures of merit close to those of PVDF.
The very high stiffness of these materials (greater than single phase PZT)
suggest that they may have important application in bimorph configurations,

and in coupling electric fields into glass fibers.

1.4 Pyroelectric Materials

(a) Examination of lead scandiumtantalate crystals and ceramics with
disordered B site cations shows clear evidence of an extrinsic component in
the pyroelectric response which may be traced to a quasi-reversible order-
disorder in the polar micro regions under weak DC bias fields.

(b) New studies of modified tungsten bronze Bao.ser.SNbZOG show that

small additions of rare earth ions can have a very marked effect enhancing

the reversible pyroelectric effect.

1.5 Ferroelectric Bicrystals

Work on the L1'Nb03 bicrystals has now been completed. Etching, dielectric,
transport and thermally stimulated current studies have been used to examine
the nature of the defect structure at the bonding interface. Modifications to
the piezoelectric response in head-to-head bonded crystals has been used to
model the piezoelectric dispersion in ceramic LiNb03, and by computer modelling
give the first clear proof of the piezoelectric nature of the high frequency

dispersion in ferroelectric ceramics.

1.6 Crystal Growth

(a) Tungsten bronze structure crystals in the Baprl-beZOG family with
compositions very close to the tetragonal orthorhombic morphotropic boundary
have been grown, and are being used to verify a thermodynamic model of the

structure family. Crystals just on the tetragonal side of the boundary exhibit
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exceedingly high valyes of d]5 and a1 the piezoelectric and linear electro-optic

coefficients. i

(b) Single crystals of barium titanium silicate (Fresnoite) and barium
titanium germanate have been grown. A new first order phase change near 0°C
is being explored in the germanate crystal. Both germanate and silicate exhibit
most unusual pyroelectric behavior in both single crystal and oriented polycrystal

glass ceramic forms.

1.7 Thermodynamic Phenomenology

(a) New measurements of the weak field response in the paraelectric phase
for a soft PZT 501 give clear evidence of diffuse phase transition behavior.

This is consistent with the very low heat of transition reported for compositions
near morphotropic and requires a new modification of our phenomenological thermo-
dynamic analysis for PZTs.

(b) Low temperature studies have confirmed that the differences in piezo-
electric activity, coupling constant and permittivity between differently doped
PZTs are extrinsic and freeze out at 4°K. Extending our original phenomenology
to very low temperature confirms the need for a higher value of Curie constant

C, which is again consistent with the observed diffuse transition behavior.

1.8 Grain Qriented Ceramics

Recent work has concentrated upon preparative techniques for developing
micro crystals with very high shape anisotropy in the families PbBiszzog,
PbNb206 and Pb]-xBabe206 by the molten salt synthesis technique. Powders
developed for these systems are being oriented for sintering by tape casting,
and are being used as the active component in 0:3 composites to improve the

filling factor over that which is possible with near spherical grain materials.
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2.0 ELECTROSTRICTION

2.1 Precise Measurements

Work has continued with the high precision capacitance dilatometer designed
originally by Uchino and Cross(z']’z'z) to ascertain the reason for the unreal-
istically high values of electrostriction constants determined for several
alkali halides, and for the lack of reproducibility in the measured data.

A proper kinematic mounting(2'3) for the spring loaded mounting of the
halide crystal improved the Tevel and reproducibility but stiil some values 2
to 5 times those expected were regularly observed. Reviewing differences
between our own technique and that of Bohaty and Haussﬁh1(2‘4) and more recent

work of Luymens(z's)

» we note that both the latter glued the sample firmly
into the mounting before measurement. Replacing our own spring mounting by
glueing the halide into place with conductive expoxy produced an immediate
improvement in reproducibility of the experimental data, but values for NaCl
measured at 7 Hz were still almost twice those of Bohaty and Haussul.

In an attempt to reconcile the data, we have now extended the frequency
range of our measurements. It is first necessary to calibrate the equipment
using quartz and our rotating capacitance standard, so as to eliminate the
frequency dependence of the detector gain characteristics. After careful
correction for these effects, we observe a clear frequency dependence of M]]
for NaC1 (Fig. 2.1). Since dispersion of K] in these crystals is very weak,
the strong frequency dependence implies a frequency dependence of the Q]] con-
stant.

It may be noted that our measured dispersion in M reconciles our earlier
data with that of Bohaty and Hausslihl which was measured at higher frequency in
the range 80 to 160 Hz and suggests a possiblie explanation for the disagreement

(2.6)

with the earlier data from Zheludev which was again measured at still a

higher frequency (6 kHz).
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L The present data certainly points up the clear need for more extensive .
j - measurements of electrostriction in simple solids which can cover a wider fre- -.'
L quency range, and the danger of using numbers which are currently available :
: to judge the validity of theoretical descriptions of the phenomenon. This will
h be taken up in the discussion of possible future work. “:‘ 3
g .T
2.2 Measurement of the Converse Electrostriction in Perovskite Halides
The pressure dependence of the dielectric stiffness X has been measured
E! in single crystals of KMgF3, KCaF3, KMnF3 and KZnF3 grown in this laboratory. -;:
g The very low electrical capacitance which can be achieved in samples of these .

Tow permittivity solids required the design of a rigorously guarded 3 terminal |
E enclosure for the dielectric pressure cell with total stray capacitance below 50?
.0001 pF.

In all the samples measured X vs p is negative and slightly nonlinear.

The Qh have values of order 0.1 m4/c a factor of 10 larger than the oxide :.]

perovskites, but in good agreement with the empirical relation derived earlier - ;

by Uchino(2'7). The weak nonlinearity is too large to be explained by non- !

linearity in the elastic properties of the halide perovskites, and requires ...:

the existence of sixth order electrostriction terms. The Gai= @1” oot

2@122 + 90 in matrix notation,are all positive and of the same order as in 4

the alkali fluorides and alkaline earth fluorides. :,j

A paper describing this work is being submitted to the Journal of Applied
Physics. The abstract is included as Appendix 1. .. J
4

3 2.3 Temperature Dependence of Dielectric Permittivity in KMnF3 '-_9-
In the course of examining the converse electrostriction in the perovskite 1
- halides, the dielectric permittivities were measured over a wide temperature %
E range to ascertain any phase transitions which might be driven by pressure and :!{
1 1
: )
. ;
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perturbs the electrostriction measurement. In KMnF3 a transition takes place
at 186°K (-37°¢){2-82-10) 15ce1y analagous to the 110°K transition in SrTi0,.
Unlike the titanate, however, we were surprised to find a peak in the dielectric
permittivity at the transition. Since the lower temperature state is tetra-
gonal I4/mcm and twinned, it is difficult to comment in detail, but repeated
cycling gives remarkably reproducible dielectric data suggesting that the
twinning is on a fine enough scale to average out the tetragonal anisotropy.
A paper describing this work has been prepared. The abstract is included

as Appendix 2.

2.4 gasic Theory
2.4.1 Introduction

The objective of this work on the theory of electrostriction was to under-
stand the effect of crystal structure, chemical composition and temperature on
the electrostriction coefficients of ionic crystals, especially ferroelectric
materials, in order to optimize the electrostriction coefficients and, ulti-
mately, in order to maximize the electromechanical coupling factors of ferro-
electric materials derived from centric prototypes via a systematic molecular

engineering approach.

2.4.2 Major Results

(1) It has been demonstrated that the microscopic approach employed for
calculating electrostriction coefficients is suitable for understanding the

role of cohesive factors in determining electrostriction. The theoretically

calculated static values of electrostriction coefficients of alkali ha]ides(z']])

(2. 1242413y

and of several perovskite oxide compounds are the first such calcula-

tions based on adequate theoretical models for the interatomic forces.

(i1) Use of anharmonic many-body perturbation theory in the quasiharmonic

(2.14)

approximation of Bruce and Cowley in connection with a realistic model
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for the interatomic forces is adequate for calculating room temperature values 1

E
of electrostriction coefficients in perovskites provided experimental room ;‘
temperature values of the soft mode zone center frequency are used as input

data(z']s).

However, this theoretical approach is unable to account for the :
experimentally observed temperature variation of the electrostriction coeffi- ;‘
E
1

cients, even when experimental values for the temperature dependent soft mode

frequency are used as input(z']s).

(iii) On the basis of a phenomenological thermodynamic analysis and by

o)

utilizing rotationally invariance conditions of the nonlinear elastic
(2.16,2.17)

ety

dielectric , it has been shown(2'17'2‘]g) that the nonlinear consti-

Al

V%%

tutive relations commonly used in the literature and expressed, for example,

in terms of the elastic displacement gradient and the electric field are incon-
sistent and involve nonlinear elastic, piezoelectric and electrostriction
coefficients of lower symmetry than normally belongs to the associated higher

(2.10).

rank tensor quantities On the other hand, a consistent formulation of

the nonlinear elastic dielectric has been given on the basis of Toupin's

(2.16)

theory in terms of the thermodynamic tensions and the electric field

thermodynamically conjugate to the material measure of po]arization(2'17'2']9).
These results are consequential for the Landau-Devonshire theoretical descrip-
tion of ferroelectric transition with strain present, such as, e.g. when the
strain dependence of the ferroelectric Curie temperature is considered. In

these cases it is, for example, necessary to use the material measure of polar-

ization as order parameter, instead of the usual polarization vector, which in

general is not a proper thermodynamic variable.

(iv) Based on the above results (iii), a consistent theoretical frame-
work for the experimental determination of electrostriction coefficients from
measurements of the electric field dependence of the piezoelectric constants

has been developed(z']g). This method could provide an alternative to the
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A dilatometric technique presently in use and perhaps contribute to resolving 1

'?1 - some of the difficulties encountered with this method.

2.5 Electrostriction in High K Dielectrics

2.5.1 Ultradilatometer for Wide Temperature Range

A new simplified capacitance dilatometer has been constructed based on

(2']). To alleviate the need for a DC

the original design of Uchino and Cross
feedback for stabilizing the measuring circuit, and to permit a wider tempera-
ture range of operation, (1) all plastic parts have been replaced by ceramic
or machinable glass ceramics, (2) the sample support structure is designed as
a thermal expansion bridge circuit in which one arm of the bridge can be balanced
by replacing the brass support with a super invar of very low expansion (Fig. 2.2);
(3) guarded 3 terminal measurement of the sensing capacitance is preserved,
f but all plastic screened cable is replaced by ceramic insulated coaxial supports
i in the head unit.

With these modifications, the minimum resolvable displacement is reduced

. to 0.01A, but the temperature range over which measurements can be made is

raised from -180°C to +250°C.

b 2.5.2 Ferroelectric Relaxors

| To calibrate the new dilatometer, samples of lead magnesium niobate 10%
lead titanate solid solution which had been measured by Jang and Uchino were
re-measured. Even at the low field used in the dilatometer (2 kv/cm max) the

permittivity is not strictly linear (Fig. 2.3). Correcting the polarization,

q

e however, excellent linearity of P2 Vs Xy is observed (Fig. 2.4) and the value
of the measured coefficient (PMN:10PT STD) in Table agrees closely with
Jang's value.

Improvements in the processing of PMN:10PT by Shrout and Swartz in this

laboratory (see Section II) have resulted in materials with much reduced

E.

POT S e, Py e Ty g O g Y T S R g g s




3

Shea i S i i

[

Ll I e e e T R ot I o o e g e o M Sl it St A S Sent S o s s
o . B . i . oo b s . . .

vy

i e s Rl vk Dot Ak ik B A BT (e Ty b B MR IR A A Wy UL AR e . Cs A i e B, i ek i ol e i e i
~ % H . i | 4 o ¥ " opl e o™ S e ,
® o e @ . AL RIS ) ® Sl @

&= 1 iz L as . PR = L | A ] ol

i3

4_!..

o ald
18
N
O.
o
< - SN s f
~ Dn.. “u =
0 2 ¢ B
S Lo) O )
VO = +—t =
lg © o ok
= -, N S8
(&) = w — R
< x - 5=
18 - e oo
SR N
0O o o
> ® G oo .
(] S <t
o O o N
< o
L L i L. Ty — ' : : : ey e W..
STHTERTE R b . 8 @ B ®R 8 =° z
o ol ol - - o S
G-©9xNIVYLS
yex INVISNOD 211331310
l..n T .,i. ke o h-.b.! ....... PC; FRPRREETERT L B -« i it Al e

i i ‘4}11&1114.!41‘11‘1411.4

®

. 1
2

L GO T TN UL YU T S T (T W V. S N WA P

Saand _.'A"..-.~."




contamination with the low permittivity pyrochlore structure phase. Measure-

| -

® ments of these samples (Table 2.1) show improvements in the M and Q coefficients

by up to a factor of 3.

Due to the courtesy of Dr. Yonezawa at Nippon Electric Company, we were
supplied with samples of the lead iron niobate:lead iron tungstate PFN:PFW
composition which NEC uses as a dielectric in multilayer capacitors with silver
or high silver palladium electrodes. The NEC material has the dielectric
characteristics of a ferroelectric relaxor (Fig. 2.5) and gives M and Q values
close to those of PMN:PT. The PFN:PFW material has the advantage of compati-

bility with Ag electrodes, but suffers the disadvantage of a more sharply peaked

permittivity leading to much sharper temperature dependence of the MH coeffi-

cients, and rather lower insulation resistance.

2.6 Poling and Depoling Behavior in PLZT 8:65:35 Transparent Ceramic

rll A detailed study (Appendix 3) of the poling and depoling of PZT transparent
| ceramics at the 7:65:35 and 8:65:35 compositions shows that in freshly thermally
depoled samples cooled to low temperature then subjected to weak DC bias, there
F is a new dielectric anomaly on heating which correlates with a loss of disper-
sive character only regained at the so-called a:B transition which occurs at a
1 temperature well below the dielectric maximum in these materials.
E@i Pyroelectric current measurements show that the low temperature anomaly
! corresponds to a build up of macro-polarization and the upper transition to a
loss of macro-polarization.
Y The result is, we believe, most important in that it suggests

(a) That the change at the a:B transition is not a phase change in the
usual sense, but corresponds to an ordering of polar micro regions disordered
. at higher temperature.
(b) That the materials can be 'frozen' into the disordered state by cooling

without field.
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Figure 2.5. Dielectric behavior of typical
PFeN:PFeW ceramic.

Table 2.1.
SavpLE Q0 | Wy ) 0 (ﬁ;)
( v F
PHN-10 PT-STD 17,232 7.17x10716 2.3x1072

PMN-10 PT-2% P30 | 17.289 6.6ux20716. | 1,4x1072
PMN-10 PT-2T Me0 | 19.730 2.51x10°15 3,9x1072
PMN-10 PT-5% Me0 | 17.850 | 1.31x10°1% | 4,1x1072

PFW-PEN-#12 25.392 1.383x10735 | 1.85¢1072
PFi=PEN- 42 25.386 7.00x10716 0.975x1072
PFY~PEN~443 26,233 | 1.81x10715 | 2,98x1072

Maximum permittivity, electrostrictive M;} and electro-
strictive Q)] constants for various PMI:PT and PFeil:PFeN

samples.
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(c) That the disorder can be overcome by moderate fields (1-10 kv/cm) at

. temperatures much below the a-f anomaly.
On the Smolenskii model for the relaxor behavior, the result would speak
strongly for a super paraelectric component in the dispersive permittivity

since if domains break down SPONTANEOUSLY into polar micro regions, the micro

region must be being thermally disordered at the temperature of the a-f anomaly.

g-' 2.7 Summary
-
L. Electrostrictive studies at Penn State were summarized in the joint US:Japan

seminar on Electronic Ceramics held in Rappongi, Tokyo, May 23 - June 4, 1982.

An abstract of this paper is included as Appendix 9.
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3.0 PIEZOELECTRIC COMPOSITES
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L‘ 3.1 Introduction

3 Over the past year, effort has been focused upon compiling more extensive
and reliable data for a number of the two phase and three phase composites
which have the potential for high sensitivity hydrophones. The task is not

simple because of the viscoelastic nature of the polymer phase and the non-

GO Ut
- T

= o

linear hysteretic nature of the PZT which are major components in the system

of interest.

To provide data which mimic more closely the needs of transducer designers,

ML g

we have turned to using a lTow frequency A.C. measurement of the 9, which can be

made in a pressure chamber under static pressures up to 1000 psi (over 6.5 MPa).-

‘Tj‘."'?,

The objective has been to authenticate systems which retain high sensitivity

4

under pressures up to 1,000 psi for frequencies in the low frequency range of

NTE Y =T =¥
T .

interest.

Recent intercomparison of data for some of our systems with values obtained
by Or. Ting at the calibration facility in Orlando show good agreement.

In the case of the 1:3, 1:3:0 and transversely reinforced 1:3 conmposites,
the more detailed evaluation has been accompanied by a more complete modelling
of the structure which gives a much better understanding of the role of the

Poisson ratio in limiting the hydrophone sensitivity.

i 3.2 Piezoelectric 3-3 Composites

‘E Piezoelectric ceramic-polymer composites with 3:3 connection have been made
5: using the processing technique developed by Shrout(3']). The method consists

i of mixing in an appropriate volume fraction of plastic spheres into the green

& ceramic, then burning out the polymer in such a manner as to develop an inter-
i connected skeletal structure of pores connected in all 3 dimensions. After

careful sintering, a porous equivalent 3 dimensional skeleton of PZT is formed

which can then be back filled by the polymer of choice by vacuum impregnation.
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Using this method, samples with PZT:polymer volume fractions over the
range 70:30 to 30:70 have been fabricated and their dielectric and piezoelectric
properties measured. Best results were obtained with a 50:50 PZT:silicone

rubber combination which gave

Permittivity K3 450

Piezoelectric d33 = 150 pC/N

Piezoelectric 9y = 45 mVm/N
Piezoelectric dh = 180 pC/N
and thus a d, g, product of 8,100-1071° m2/N.

3.3 Perforated PZT-Polymer Composites

Composites of 3-1 and 3-2 connectivity have been fabricated by Safari(3'2)

using a technique of drilling. For typical samples optimized for hydrophone
performance

In 3:1 composites

K3 = 600
dh = 230 pC/N
9, = 34 mVm/N

and d.g, = 7,800-10715m?/n.

While for 3:2 composites

K3 = 300
dh = 372 pC/N
9, = 123 mVm/N
5 -15_2
and ghdh = 45,000-10 “m~/N.

These composites are extremely rugged and show almost no change with hydro-

static pressures up to more than 6 MPa (1,000 psi).
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3.4 Piezoelectric Composites of 1:3 Connectivity

3.4.1 Introduction -
Recent studies have concentrated upon the possibility of improving the

simple 1:3 PZT:polymer composite for hydrophone application by the technique

of transverse reinforcement. The reason for the study is that it is evident

even from very simple stress analysis, that the effective axial stress trans-

fer to the PZT rods in the 1:3 configuration can be very adversely effected

by the transverse components of the hydrostatic stress acting through the

Poisson ratio of the supporting three dimensionally connected polymer phase.

Since particularly the soft polyurethane and silicone rubber polymers have

high Poisson ratio, it is composites involving these phases which may benefit

nost from transverse support.

3.4.2 Experimental Studies

The experimental data have been presented earlier, but for comparison
with the model studies are repeated here. Figure 3.1 shows the influence of
glass fiber reinforcement on a 1:2:3 composite of PZT 501:glass:spurrs epoxy
resin at the 5% PZT volume fraction. Figure 3.2 shows the same figure but for
a Devcon polyurethane polymer. Figure 3.3 shows the influence of foaming the
polymer to soften and reduce the Poisson ratio-v. In Figure 3.4, additional
transverse stiffening has been effected by encapsulating the Devcon polyurethane
sample in a rigid epoxy case.

Measurements were in each case made by the DC charge release method but
for each sample more than 10 runs up to 100 psi were carried out before the
final measuring run so as to eliminate initial depoling. The number of samples
measured for each family is given on the figure.

No irreversible degradation was observed after the initial depolarization. c
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Figure 3.1. Experimental data
PZT:spurrs.
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Figure 3.3. Experimental data
PZT:Devcon:foam.
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Figure 3.2. Experimental data
PZT:Devcon.
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Figure 3.4. Experimental data
epoxy reinforced
PZT:Devcon: foam.
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3.4.3 Theoretical Analysis

In earlier analysis of the 1:3 composites, the polymer phase was assumed -
to be so much more compliant than the PZT that its stiffness could be neglected.
These early models also neglected the effects of internal stresses in the
polymer and not surprisingly predicted enhancement of the figure of merit dhgh
significantly higher than was measured in real material combinations.

A new more complete modeling has now been accomplished by M. Haun. Again

perfect bonding of polymer and PZT are assumed, and the condition of constant

strain in the two phases is assumed. However, the model does take account of
(a) The elastic properties of the polymer phase.

- (b) The elastic properties of the PZT.

(c) The elastic properties of a glass fiber used to provide transverse

reinforcement in a 1:2:3 phase connection.

(d) Modification of the elastic properties of the polymer phase which
can be effected by foaming.
(e) Internal stress effects due to Poisson's ratio are included.

(f) To simplify calculations, both reinforcing phase and porosity are

}u. taken on an equivalent rectangular volume.

&}i To see directly the effects of changing the fiber reinforcement and the

Ei: volume fraction of PZT in the composites, three dimensional surfaces have been
;!E calculated for several of the more interesting cases.

EL In Figure 3.5, the ahah figure of merit for a PZT:epoxy composite (ps =

E.. 2.9']0']0 m2/N, Py = 0.35) is mapped on the vertical axis as a function of

". volume fraction of PZT and volume fraction of glass fibers. Maximum sensitivity
3 of 11,100 x 10715 m2/N occurs for 10.8% PZT and 10.2% glass.

E. Figure 3.6 plots the theoretical sensitivity for a polyurethane:glass:PZT
E!' 1:2:3 composite (ps = 1.10°8 m2/N, Py = 0.48). Notice now that because of the ]
o
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high Poisson ratio of the polymer, the zero volume fraction axis of glass rein-

PAPON DAL DG . W DTS TS

ﬁ(g forcement has almost no sensitivity irrespective of the PZT content while . d
=
because of the very large compliance of the polymer only a small volume fraction

of glass is needed to relieve the transverse stress. Theoretical maximum in

Al

dhgh occurs at 0.45 vol% PZT and 4.7% volume fraction of glass with a values

3

759,000 x 10712 m?/N. ]
4

Further softening the polymer and reducing Poissons ratio by foaming to B

I

20 volume% air enhances the sensitivity, and produces significant sensitivity B

at 0 reinforcement (ps = 1x10'8 mz/N, Py = 0.48°, °v = 0.20). Now a maximum

sensitivity of 1,105,000 x 10']5 mz/N occurs at 0.35 vol percent PZT and 3.5%

glass fibers (Fig. 3.7).

3.4.4 Discussion

To compare more directly the measured and calculated performances, cuts
of the three dimensional surfaces at the 5 vol% PZT are given in Figure 3.8,
and an expanded scale for the unfoamed epoxy cut at the 5 volume% PZT in

Figure 3.9.

In the PZT:epoxy composite, the trend of data is very well described by

Q-f the theory, though the absolute values are only ~50% of the theoretical expecta-
tion.

;!PE For the polyurethane and foamed urethane samples, the much stronger

g-- influence of transverse reinforcement in the soft polymer is clearly evident
though in the unencapsulated case the absolute values are much lower. Here,

i‘n we believe the discrepancy is due to a fabrication problem which makes it very

P difficult to finish the samples for electroding without breaking some of the
finer rods. Encapsulation not only permits additional transverse reinforcement,

but also allows a reasonable surface finish without disastrous consequences for -

T
'4._' .

G 3

the internal structure. In this case, the measured values are given within a

factor 2 of theoretical expectation and the trend is similar to theory.

D Juh el Jah cun
R ST .

aj




P
E
k
L‘.
e
:

T T T

|
)

L..A ata’aatal atalaiai.oadelon

- .2 TTYTY 3 T
i AT T i e R R A A e il aicatil e i o TR

24

3e 05

=

Polyurethane
20% foam

2e 0S {
0% foam

2
10-15 m-/N

,éF le 05 |

L
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E
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% f
Ge 00 0% foam .
a.0 g.2 0.4
Volume Fraction Glass
Figure 3.8. Theory for 5% PZT.
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Figure 3.9. Theory for 5% PZT
(Expanded Scale).
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Perhaps the major frailty of the analysis is now the assumption of common
strain in polymer and PZT in the polar direction, which probably accounts for
this discrepancy.

The more detailed theory does point up the cardinal advantage of trans-
verse reinforcement in the 1:2:3 composites and supports the earlier contention

of the importance of the Poisson ratio of the softer polymer phase.

3.5 Polar Glass Ceramics

3.5.1 Introduction

Bhalla and Halliyal(3-3:3-4)

have recently developed a completely new family
of piezoelectric polycrystal materials which are polar but not ferroelectric.

In their method, a glass of suitable composition is recrystallized in a very
strong temperature gradient. The gradient of the scalar T produces a driving
force which gives strong preference to crystal nucleii of a given polarity, so
that a polar phase being crystalilized from the glass is strongly oriented.

The polar texture in these oriented glass ceramics necessarily implies

pyroelectric and piezoelectric properties.

3.5.2 Application of Piezoelectrics

In the fresnoite (BaZTiSiZOB) and its germanium analogue BaZTiGezog, both
the silicate and germanate can be quenched from above the melting temperature
to a glassy state. By careful control of temperature and temperature gradient,
the glass can be recrystallized with a very strong polar texture. Measurements
of the hydrostatic pressure sensitivity under AC pressure at 50 Hz give 9
values of ~100 to 120 x 10°> Vm/N taken with the very low permittivity K ~ 10
gives d ~ 16.10°12 C/N and these figure of merit d, g, ~ 1,800-107 " mé/N com-
parable to PVDF.

The very high stiffness of the glass, and the firm polar (non-ferroelectric)

character of the polarization give an effective immunity to hydrostatic pressure
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to much greater than 10 MPa. This very high stiffness in the glass ceramic

ol m2/N) taken together with the low permittivity suggest that

(s]] ~v 0.9-10
the glass ceramic might be used as a piezoelectric stressing medium in combina-
tion with a glass fiber to generate a fiber optic electric field sensor.
Preliminary calculations suggest that the stiff glass would be more than 20

times more effective than PVDF in this type of system.

3.6 Summary

A recent summary of the status of piezoelectric composites has been given
by Newnham at the joint US:Japan Seminar on Electroceramics in Rappongi, Tokyo,

May 1982. The abstract for this paper is included as Appendix 10.
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4.0 PYROELECTRIC MATERIALS 1

4.1 Micro Composites . =4

In the relaxor:ferroelectric lead scandium tantalate, the two B site cations

Sc3+ and Ta5+ can be ordered by long thermal annea]ing(4']’4'2). In disordered ;j
states, the single crystal and ceramic show diffuse transition relaxor behavior. :;E
For the ordered state, the phase transition is sharp and first order. 1
Thermal depoling of the disordered ceramic occurs over a very wide tempera-
ture range and the slope of static aP/aT would correspond to a very large pyro- :%
electric coefficient. Clearly, however, most of this effect will be irreversible, 5
however, under a DC bias field on the Smolenskii model for the disordered con- f
dition, there will be a competition between field ordering and thermal disordering ..i
[l

of the polar micro regions. If at low frequency (10 Hz) the thermal disordering

of the smaller regions is fast enough, it should contribute an extrinsic (micro

domain) enhancement of the reversible pyroelectric effect. To test for this

possibility, it is necessary to use the Chynoweth method to separate reversible a
from irreversible components of the pyroelectric response; and since the Chynoweth

response depends on the ratio p/e, where p is the reversible pyroelectric effect

and ¢ the dielectric permittivity,it is necessary to study also the effects of
P DC bias on the low frequency permittivity.
The results are reported in detail in the paper of Appendix 11 for the
- dielectric response, and in Appendix 12 for the pyroelectric effect.
::' In summary, disordered (relaxor) PbSc]/zTa]/203 shows a very strong enhance-

ment of Chynoweth pyroelectric response under DC bias, the ordered crystal shows

| & no such effect. The dielectric data indicatesclearly that the level of enhance-
i ment in the relaxor cannot be accounted for by the DC bias dependence of the

; dielectric permittivity and thus we conclude that micro-polar regions do con-

4 tribute on extrinsic component to the response.

!
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T,_j It will be of real interest to experiment with partial ordering in the ';
vz v PST system as it is unlikely that we have the maximum possible extrinsic response -.;
t in these preliminary studies. 3
E, 4.2 'Doped' Tungsten Bronze and TGS Structure Single Crystals
F From the earlier studies of Brezina(4']) and of Keve(4’2), it is possible ..-j
to modify the pyroelectric response in triglycine sulphate by doping with metal .],
: ions, or by substitution of a fraction of the glycine by alanine. Perhaps the i
:'_ most illustrative of the mechanism of change is the work of Keve on the alanine #j
” substitution. In his studies, Keve showed that if levo-alanine is substituted, :
' the side group imparts a strong unidirectional bias to the hysteresis, just as
L"g if the crystal were subjected to a strong electrical bias, while if racemic Qi
alanine is incorporated into the TGS, the loop splits into oppositely biased
3 segments.
In our studies, single crystals of strontium barium niobate at the ,j
BaO.SSrO.SNbZ% composition were modified by the incorporation of Nd3+ during :‘
the growth process. Comparison of doped and undoped crystals using the Byer-
Roundy method show that an optimum composition improves the room temperature .3
: pyroelectric coefficient from 500 to 800 uc/m°K. :
_:_ For triglycine sulphate, we have been studying the possible substitution *;
E,! of (P04)3+ and (/\504)3+ for the sulphate group. To facilitate poling, the ’3
_ crystals were grown from a single domain alanine doped seed at temperatures x
below the Curie point. For a 12 mole% substitution of H3(PO4) for H2504, the
:‘ crystal shows an enhancement of room temperature pyroelectric coefficient from j
E 350 107 MKS to 950-107° MKS and a figure of merit P/K more than 2 x TGS. A 8
E more detailed account of this work will be presented at ISAF 83. The abstract ‘
Ei S for the paper is appended as Appendix 13. :
{ 1
g .
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5.0 FERROELECTRIC BICRYSTALS

5.1 Introduction

Work on the ferroelectric bicrystals formed by hot pressure bonding at
LiNbO3 single crystal plates at temperatures below the Curie temperature Tc
has now been completed. Maintaining the temperature at 1100°C under a uniaxial
pressure of 106 N/mz, excellent uniform bonding was achieved for ‘c' cut plates
with the polar axis in head-to-head (H-H), tail-to-tail (T-T) and head-to-tail
(H-T) configurations, both with 'a' axes aligned and with 'a' axes twisted

through 90° (H-H'), etc.

5.2 Summary of Work

Detailed etching studies reveal that using the thermal bonding under short
circuited electrical condition, the domain structure of (H-T) bonded crystals
is completely preserved. For (H-H) and (T-T) configuration, the major features
are preserved, but a moving of the domain wall across the bonding plane is often
observed. Details of the study are given in Appendix 14.

Dielectric properties show little change in the real part of the permittivity
K', but a significant change enhancing the transport dominated loss at higher
temperature. Crystals bonded in the (H-H') twisted configuration show a new
dielectric loss maximum. Details of the dielectric studies are given in
Appendix 15, and a confirmation of the model for the proposed defect structure
in the boundary region given from the analysis of thermally stimulated currents
taken both parallel and perpendicular to the boundary (Appendix 15).

A most interesting spin off from the bicrystal work came from the reali-
zation that (H-H) and (T-T) bonded crystals preserved their individual piezo-
electric thickness mode resonances, while (H-T) bonded bicrystals resonanted
as a whole. This suggested that LiNbO3 might be used as a model ceramic to

explore in a quantitative manner the way in which the damped resonances of
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the individual grains would influence éhe frequency dependence of the impedance
of the ceramic. _.J
Model ceramics with a narrow distribution of grain sizes were made up,
using both mixed oxide and 1liquid salt processed powders.
Dielectric impedance measurements gave a clear indication of damped

resonant character in the massive dispersion of both real and imaginary parts

of the permittivity for frequencies near the resonance point for the mean
grain diameter. ’

Making use of the IBM ECAP computer analysis routine for complex circuits,
and a special folding technique to multiply the number of nodes that the routine
can handle, it was found to be possible to calculate directly from the known
single crystal parameters, and the known grain size distribution impedance as
a function of frequency.

Using only the damping factors as adjustable parameters, it was possible
to match the measured impedance curve to better than +5% over the whole measured

frequency range from 100 Hz to 109

Hz (Appendix 17).

We believe that these calculations give the first clear proof of the
importance of piezoelectric grain resonance for the dispersion at high frequencies
which is found in all ferroelectric ceramics.

These studies were a part of the Ph.D. thesis for Dr. Yao Xi, and it is
gratifying to report that this thesis was chosen as one of the two outstanding

Ph.D. theses across the whole materials field at Penn State and that Dr. Yao Xi

was a recipient of the Xerox Award for 1982.
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; 6.0 CRYSTAL GROWTH R
q

6.1 Introduction e 5% |

The new Crystalox crystal growth system which was provided under this con-

tract has been used to grow the following crystals by Czochralski pulling from

]

1

the melt. ;3
[

(1) Tungsten bronze crystals in the Pb]-xBabeZOG solid solution family,

with emphasis upon composition close to, but on the tetragonal side of the

. AT

morphotropic boundary near Pb0.68a0.4Nb206. ‘

§

(2) Single crystals of Fesnoite BazTiSizo8 and of the germanium analogue ;

Ba2TiGe208. These crystals have been needed to complement studies of the glass 3

ceramics in these compositions. i _E

(3) Perovskite type fluorides including KMgF3, KZnF3, KMnF3 and KCaF3. .1

These fluoride crystals have been the subject of study in the program to measure ‘ ;;

fundamental electrostriction constants. f:

o

6.2 Lead Barium Niobate ;E

In the crystal growth experiments the material used were Specpure grade ;

PbO, BaCO3 and Nb205. These were weighed out in stoichiometric proportions for -i
Pby_Ba,Nb, 0, with x slightly larger than 0.4, then wet milled in ethanol for ;;

12 hours. The slurry was air dried then fired in alumina at 650°C for 4 hours, ;i

to ensure the lead was fully oxidized before loading into the platinum growth ;ﬁ

?. crucible. The growth crucible was 40 mm diameter and height with parallel .f
] sides, and was supported in a fibrous alumina collar. A radiation shield of Ei
E,‘ similar alumina was used to even the temperature above the crucible. The p_‘
- furnace was RF heated at 370 kHz. ‘HA
t Growth conditions included a pulling rate of 2 mm/hour, with rotation at ﬁ
;:‘ 10 rpm. As grown crystals were annealed by slow programming the system to room i !j
:- ' temperature over 12 hours. The crystals grown were transparent, yellowish in ;
color with dimensions up to 10x5x8 mm. i
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More details of growth and characterization are given in Appendix 18.

6.3 Fresnoite and Analogques

Ba2T151208 and the germanium analogue Ba2T1'Ge208 have been grown by pulling
from the stoichiometric melt. In each case specpure grade chemicals were weighed
in the required proportions using BaCO3, T1'02 and 5102 as starting powders. The
charges were first calcined at 1080°C in an oxidizing atmosphere before transfer
to the pulling crucible.

For the silicate, the pulling speed was 1 mm/hr with shaft rotation at 30
rpm and the crucible not rotating. The high viscosity of the melt at the melt-
ing temperatures requires very low pulling rate but is, of course, essential for
the glassy form which is of interest in the composite. Crystals up to 5 mm in
diameter 1 cm long were pulled for initial study.

In the BaZTiGe208, the melting temperature is significantly lower markedly
assisting in the growth process. Runs to date used a pulling rate of 0.5 mm/hr
and seed rotation at 25 rpm.

In both germanate and silicate, only the c axis seeds have so far been

used.

6.4 Perovskite Halides

Crystals which have been grown on this program from the mixed halide
components include KMgF3 (KF,Mng), KZnF3 (KF,ZnFZ) and KCaF3 (KF,CaFZ). For
these materials, the problems are much different from those of tne more familiar
oxides. A major difficulty is the exclusion of water (OH) from the growth
chamber and from the initial compositions without the complication and expense
of reactive atmosphere processing.

Conditions for growth are briefly summarized in Table 6.1.
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7.0 THERMODYNAMIC PHENOMENOLOGY

7.1 Dielectric Measurements

Several interesting new developments in the evolution of the thermodynamic
phenomenology have taken place due to our extension of dielectric and piezo-
electric measurements over a much wider temperature and frequency range in PZTs
and PLZTs.

The very soft commercial donor doped PZT 501 is a remarkably electrical
insulator, and we have been able to take weak field permittivity data up to
700°C to obtain reliable stiffness measurements.

For a PLZT composition 8.6:80:20 with very small manganese doping, we find
a most interesting well developed relaxation in the paraelectric permittivity
before the normal grain:grain boundary dispersion. In two sets of measurements
to low temperature, it is clear that PbZr03:PbT1'03 compositions of differing
Zr:Ti ratio freeze out to different values in intrinsic dielectric and piezo-
electric response, while doped compositions with the same Zr:Ti ratio, which
show strongly dissimilar room temperature piezoelectric and dielectric responses

show almost identical intrinsic low temperature values.

7.2 Dielectric Measurements on 'Soft' PZT

In the course of studies of a new possible poling method for soft PZTs
(Appendix 19), it became desirable to better characterize the dielectric and
transport properties. We were surprised to find very high values of resistivity
which permitted poling by cooling through Tc under field and also enable weak
field permittivity measurement at 100 kHz to temperatures above 700°C.

Data for a PZT 501 formulation is given in Figure 7.1, with the reciprocal
susceptibility in Fiqure 7.2. It is immediately apparent that the high tempera-
3

ture Curie Weiss behavior (C ~ 1.5-10") breaks down completely in the vicinity

of Tc and the transition is quite diffuse. Attempts to fit the data to a
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Figure 7.1. Dielectric permittivity vs T
in PZT 501 (10 kHz). :
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Figure 7.2. Dielectric stiffness vs T
in PZT 501 (10 kHz).
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Gaussian distribution of Curie temperatures TC were not successful, and we ]
jﬂ ~ have been unable to deconvolute the curve to find the effective Curie constant N

: for the Devonshire function.

7.3 PLZT Relaxations

Dielectric measurements on ceramics of the composition 8.6:80:20 PLZT i
modified with 0.05 mole% MnO2 show a most unusual high temperature relaxation.

Weak field permittivity as a function of frequency and temperature is shown

in Figure 7.3, and the associated loss curves in Figure 7.4. It would appear
from the loss curves that the relaxation is thermally activated, and is of a

form

vy g AT

where v is the measured relaxation frequency,v0 a basic lattice frequency and
r.j E the activation energy. Then analysis of the data gives

10

E~0.84 eV o 2.7.10" 7 Hz

L For the steeply ascending loss at higher tempearture, however, E ~ 3.2 eV.
The pre-exponential Yo looks very low for a lattice frequency, suggesting
that the loss maximum is of the Maxwell Wagner type, but the second up turn in

tan § probably indicates that this is not the normal grain:grain boundary

Ew heterogeneity. It will be interesting to look more closely at the nanostruc-

ﬁ! ture of these samples to see if defect ordering, order disorder in Zr:Ti or

i heterogeneity dictate this Maxwell Wagner component.

$

? 7.4 Dielectric Propérties of PZTs at Low Temperature

:. Dielectric and piezoelectric properties of pure PbZr03PbT1‘03 ceramics with
compositions spaced about the 50:50 'morphotropic' boundary, have been measured

61! over the temperature range from 300 to 4 K. The freeze out of extrinsic con-

?. tributions is particularly evident in the dielectric loss data, and a 'knee'
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300 600
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Figure 7.3. Dielectric permittivity in

PLZT 38.6:80:20 + 0.05% Mn.
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Figure 7.4. Tangents delta in PLZT
8.6:30:20 + 0.05% Mn.
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in the permittivity appears to mark the morphotropic phase boundary and point
up a weak temperature dependence. Values at freeze out (4°K) are difficult
for different Zr:ti ratios. A complete description is given in the paper of
Appendix 20.

For a range of commercial doped PZTs, measurements over a similar tempera-
ture range show freeze out to consistent values at 4°K independent of the dopant
type. We believe that the values at 4°K are essentially averages of the intrinsic
single domain values and this argument is taken up in Section II. Details of

" the experiments are given in the paper of Appendix 21.
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8.0 GRAIN ORIENTED CERAMICS AND OTHER PREPARATIVE STUDIES

8.1 Introduction -~ Ay
Work on grain orientation has concentrated upon efforts to exploit shape
anisotropy in single crystals grown from liquid salt to provide grain orienta-
tion mostly during processing in the green state of the ceramic. Two fqmilies S
of compounds have been explored, the bismuth oxide layer structures in which
the growth anisotropy is platey, and the tungsten bronze families which give
rise to acicular rod like crystallites. o
Other preparative work has been concerned with the need to generate pure
Png]/3Nb2/303 and PbTiO3 containing solid solutions free from the low permit- .?
tivity pyrochlore modification. A small effort was given over to producing =
phase pure pyrochlore modification of PMN, so as to be better able to charac-

terize its properties.

8.2 Grain Oriented Bismuth Oxide Layer Structures 8.
Earlier work to produce grain oriented 312w06 ceramics by the molten salt :

process is discussed in Appendix 22, however, attempts to pole this composition

proved difficult. More recently, effort has shifted to PbBiZNbZO9 (Appendix .éi
23) wkere a high degree of shape anisotropy was achieved. In this system, __E
simple hot pressing was used to produce samples of excellent orientation factor ZE
with densities greater than 96% theoretical. \Po}ing was quite effective in these ﬂ.;
samples using a special oxidation step to reduce Eonductivity, and piezoelectric ;
properties slightly better than the poled single crystal were obtained. E
8.3 Grain Oriented Tungsten Bronze Materials J!1

Initial work was carried out on PbNb206 again using liquid salt processing,
tape casting to produce orientation,and final uniaxial or isostatic hot pressing
to achieve densities up to 95% theoretical. Properties superior to randomly axed

PbN samples were obtained. This work is discussed in Appendix 24.
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8.4 Fabrication of Pgﬂgl/3ﬂ92/3g3

From a study of the kinetics of formation of the pyrochlore and perovskite
modifications of Png]/3Nb2/303 (PMN) during calcining from mixed oxides, it
becomes evident that the pyrochlore forms early in the reaction sequence and
is difficult to eradicate by later heat treatment. It appeared probable that
early reaction of Pb0O with Nb205 forms the defect pyrochlore leaving some of

the Mg0 unreacted. Pre-forming Mng206 from the reaction

Mg + Nb,0 > MgNb,0,

to tiein the magnesium, then reacting with Pb0 through

3Pb0 + MgNb,0. -+ Pb

20¢ MgNb,0

3 279
to give the perovskite form, proved a highly successful method to eliminate the
pyrochlore phase (Appendix 25).

The pyrochlore phase was traced to have a defect compositioﬁ

Pb b 0

1.83%01.71M90.29%. 39
an anion deficient pyrochlere in space group Fd3m with lattice parameter a =
10.5993, a low dielectric constant of ¢ = 130 with a weak relaxation maximum

at a temperature near 20°K (Appendix 26).
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9.0 RECENT STUDIES NEARING COMPLETION

Abstract of a number of topics which have been completed but are not yet

fully written up have been included. These are mostly for papers to be presented

at ISAF 83 and at EMF 5, so that written versions of these papers will be

published shortly in the issues of Ferroelectrics covering these meetings.

The
Appendix
Appendix

Appendix

Appendix

Appendix

Appendix

Appendix

Appendi x

Appendix

Papers are:

27 - "Electrostriction" by L.E. Cross.

28 - "Electrostriction and Its Relationship to Other Properties in
Perovskite-Type Crystals" by K. Rittenmyer, A.S. Bhalla, Z.P.
Chang and L.E. Cross.

29 - "Direct Measurement of Electrostriction in Perovskite Type
Ferroelectrics" by M. Shishineh, C. Sundius, T. Shrout and
L.E. Cross.

30 - "The Effects of Various B-Site Modifications on the Dielectric
and Electrostrictive Properties of Lead Magnesium Niobate Ceramics"
by D.J. Voss, S.L. Swartz and T.R. Shrout.

31 - "Perforated PZT Composites for Hydrophone Applications" by
A. Safari, S. DaVanzo and R.E. Newnham.

32 - "Transversely Reinforced 1-3 Piezoelectric Composites" by M.J. Haun,
T.R. Gururaja, W.A. Schulze and R.E. Newnham.

33 - "PZT-Polymer Composite Transducers for Ultrasonic Medical Applica-
tions" by T.R. Gururaga, W.A. Schulze, L.E. Cross, B.A. Auld,
June Wang and Y.A. Shui.

34 - "Glass-Ceramics: New Materials for Hydrophone Applications" by
A. Halliyal, A. Safari and A.S. Bhalla.

35 -

"Pyroelectric Property of Pb(Sc]/zTa1/2)03 Ceramics Under DC Bias"
by Chen zhili, Yao Xi and L.E. Cross.
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Appendix 36 - "Electrical Poling and Depoling Studies on the Relaxor-Ferroelectric

< 8:65:35 PLZT" by Zhili Chen, Yao Xi and L.E. Cross. —
Appendix 37 - "Pyroelectric Properties of the Modified Triglycine Sulphate (TGS)"

by A.S. Bhalla, C.S. Fang, L.E. Cross and Yao Xi. 1

Appendix 38 - "Pyroelectric and Piezoelectric Properties of SbSI:Composites" ‘j

by A.S. Bhalla and R.E. Newnham.

Appendix 39 - "A New Family of Grain Oriented Glass-Ceramics for Piezoelectric

Substituted Triglycine Sulphate (ATGSP) Crystal" by C.S. Fang,

E and Pyroelectric Devices.by A. Halliyal and A.S. Bhalla.

l‘l Appendix 40 - "Low Temperature Pyroelectric Properties" by A.S. Bhalla and
E; R.E. Newnham.

EE: Appendix 41 - "The Growth and Properties of a New Alanine and Phosphate
e

Yao Xi, Z.X. Chen, A.S. Bhalla and L.E. Cross.
Appendix 42 - "Some Interesting Properties of Dislocation Free Single Crystals
f" of Pure and Modified Sro.sBao.sszoe" by S.T. Liu and A.S. Bhalla.
Appendix 43 - "The Ferroic Phase Transition Behavior of Pb(Zr0.6T10.4)03“ by

A. Amin and L.E. Cross.
Appendix 44 - Dielectric and Piezoelectric Properties of Tungsten Bronze Lead

3 Barium Niobate (Pbea Nb206) Single Crystals" by T.R. Shrout,

1-x

;_ H.C. Chen and L.E. Cross.

F! Appendix 45 - "Relationship of Crystallographic Polarity to Piezoelectric, Pyro-
: electric and Chemical Etching Effects in L1'2Ge03 and LiGaO2 Single
4 Crystals" by A.S. Bhalla, L.L. Tongson and R.E. Newnham.

&! Appendix 46 - "Specific Heat of SbSI" by M.E. Rosar, W.A. Smith and A. Bhalla.

:_ Appendix 47 - "Magnetic-Field Dependence of the Soft-Mode Frequency in KTaO3

&. at 20K" by W.N. Lawless, C.F. Clark and S.L. Swartz.
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APPENDIX 1
93.  ELECTROSTRICTION IN FLUORIDE PEROVSKITES

Journal of Applied Physics (Submitted)
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ELECTROSTRICTION IN FLUORIDE PEROVSKITES

T

Rittenmyer, Z.P. Chang, A.S. Bhalla and L.E. Cross

Abstract

Values of the hydrostatic electrostriction constant Qh QH + ZQ]2 have
been measured for the perovskite structure fluorides KCaF3, KMnF3, KMgF3 and
KZnF 3 by measuring the hydrostatic pressure dependence of the dielectric stiff-
ness. The measured Qh values range from 0.28 to 0.85 m /c and, as expected
from theory, are more than one order of magnitude larger than corresponding Q
values in the oxide perovskites. Nonlinearity in the pressure dependence of
the stiffness is too large to be explained by elastic nonlinearity and a sixth
order electrostriction is invoked to explain the observed behavior.
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APPENDIX 2
94. TEMPERATURE DEPENDENCE OF THE DIELECTRIC CONSTANT OF KMnF3

Materials Research Bulletin (Submitted)
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TEMPERATURE DEPENDENCE OF THE DIELECTRIC CONSTANT OF KMnF3

K. Rittenmyer, A.S. Bhalla and L.E. Cross

Abstract

Dielectric measurements on single crystals of KMnF3 show a clear dielectric
maximum at the phase transition at 186°K. This phase change between Pm3m and
I4/mcm symmetry has been shown by Gesi] to be due to the condensation of a
soft phonon mode at the R point of the Brillouin zone, and to be analogous to
the 105°K transition in SrTiO3. In the absence of mechanical stress, the lower
temperature state is twinned, however, the dielectric properties are reproducible
upon cycling through the transition so that the twinning must be on a fine
enough scale to effectively average out the tetragonal anisotropy.

1

K. Gesi, J.D. Axe, and G. Shirane, Phys. Rev., B5, 1933 (1972).
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APPENDIX 3

95.  THERMODYNAMIC DEFINITION OF HIGHER ORDER
ELASTIC, PLEZOELECTRIC AND DIELECTRIC COEFFICLENTS

Physical Review B (to be published)
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THERMODYNAMIC DEFINITION OF HIGHER ORDER
ELASTIC, PIEZOELECTRIC AND DIELECTRIC COEFFICIENTS

G.R. Barsch, B.N.N. Achar and L.E. Cross

Abstract

The thermodynamic definition of the higher order elastic coefficients
according to Brugger] is generalized to the nonlinear elastic dielectric. The
electrostriction coefficients and the higher order elastic and dielectric
coefficients are defined as derivatives of the pertinent thermodynamic potentials
w.r.t. the proper electric and elastic field variables.

Two sets of material coefficients are introduced: one in terms of the
deformation gradient and the dielectric polarization (or their conjugate
variables: Piola-Kirchhoff stress tensor and electric field), and the second
in terms of the Lagrangian strain tensor and the material measure of polarization
(or their conjugate variables: thermodynamic tension and material measure of

2

field). Since the thermodynamic potentials of the first set are not automatically
rotationally invariant, their associated material coefficients do not have the
full tensor symmetry of those of the second set, which are derived from auto-
matically rotationally invariant potentials. As a consequence, the number of
independent material coefficients in the first set is higher than in the second.
General relations for converting the various material coefficients within
each of the two sets and from one set to another are derived and explicitly
given for Oh symmetry.

TK. Brugger, Phys. Rev. 133, A1611 (1964).
2R.A. Toupin, J. Rat. Mech. Anal. 5, 849 (1956).
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APPENDIX 4

96. PROPAGATION OF SMALL AMPLITUDE ELASTIC WAVES IN A
HOMOGENEQUSLY STRESSED AND POLARIZED DIELECTRIC MEDIUM

Journal of Applied Physics (to be published)
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PROPAGATION OF SMALL AMPLITUDE ELASTIC WAVES IN A -'E
HOMOGENEOUSLY STRESSED AND POLARIZED DIELECTRIC MEDIUM E

. .

G.R. Barsch, B.N.N. Achar and L.E. Cross ‘.5

-y

Abstract .f

Based on Toupin's theory of the nonlinear elastic die]ectric], the electro- ;‘i
elastic constitutive relations and the equations of motion pertaining to the 1
propagation of small-amplitude elastic waves in a non-polar nonlinear elastic jé
dielectric medium subjected to a finite inftial elastic deformation and dielectric N
polarization are derived. All magnetic effects, including retardation, are ;ié
neglected. In addition, the difference between isothermal and isentropic s
quantities is ignored. ‘u
The equations so derived provide the basis for the experimental determina- ; E

tion of the strain and field derivatives of the elastic and piezoelectric con- ;‘;
stants (including electrostriction constants) from ultrasonic velocity or -3
mechanical resonance frequency measurements on homogeneously polarized and ':i
strained dielectric crystals. In addition, these equations are required to :;f
derive lattice theoretical expressions for the above quantities (see Abstract ;;a

No. 5).

]R.A. Toupin, Int. J. Engng. Sci. 1, 101 (1963).
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APPENDIX 5

LATTICE THEORY OF THE NONPOLAR NONLINEAR ELASTIC
DIELECTRIC IN THE SHELL MODEL

Physical Review B (to be published)
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LATTICE THEORY OF THE NONPOLAR NONLINEAR ELASTIC
DIELECTRIC IN THE SHELL MODEL

B.N.N. Achar and G.R. Barsch

Abstract

Expressions for the first order anharmonic coefficients in the effective
constitutive relations of the nonpolar nonlinear elastic dielectric pertaining
to a small deformation and electric field superimposed on a finite initial
deformation and electric field have been derived for the static shell model
by means of the method of long waves. They comprise the electrostriction,
nonlinear dielectric, elasto-optic and electro-optic coefficients and the strain
and electric-field derivatives of the piezoelectric and second order elastic
constants and may easily be generalized for any anharmonic shell model in which

both inter-ionic and intra-ionic anharmonicity is included.
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98.  SHELL MODEL CALCULATION OF ELECTROSTRICTION
COEFFICIENTS OF ROCKSALT-TYPE ALKALI HALIDES L
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SHELL MODEL CALCULATION OF ELECTROSTRICTION
COEFFICIENTS OF ROCKSALT-TYPE ALKALI HALIDES

@)

B.N.N. Achar and G.R. Barsch 5

Abstract ¥

The electrostriction constants and the photoelastic constants of rocksalt- S

type alkali halides have been calculated for a variety of rigid ion models and
shell models, with and without many-body interactions, and with and without
intra-ionic anharmonicity included. For the electrostriction constants none
of the models considered can account satisfactorily for the experimental data
of Bohaty and Haussiihl, especially for f]2 and f44. Moreover, in spite of the
inclusion of intra-ionic anharmonicity the calculated electrostriction constants
do not differ drastically from values calculated on the basis of a rigid-shell
model with many-body forces included, although a perfeci ©it of the photv-elastic
constants can be obtained in this case. One may therefore conclude (a) that
inclusion of intra-ionic anharmonicity, while essential for the photoelastic
constants, is only of minor importance for the electrostriction constants,
(b) that the effect of many-body forces, while apparent in the second and third
order elastic constants, is only small for the electrostriction constants, at
least in alkali halides, and/or (c) that the experimental electrostriction data
for the alkali halides could be seriously in error.

To substantiate conclusion (b), we have applied Keating's model of angle

Attt

bending forces up to third order in the four anion-cation-anion angles of the
- rocksalt structure. The results indicate that as a result of the crystal
L symmetry these angle bending forces do not contribute to the anharmonic poten-
g tial energy in the rocksalt structure. Thus the many-body forces present in
F! the rocksalt structure must be of a more general nature. Furthermore, the role
j of thermal effects on the electrostriction constants in alkali halides is
unknown.
g
g
g .
1




Gl i o

57

APPENDIX 7

99. TEMPERATURE VARIATION OF ELECTROSTRICTION OF SrTiO

3
Ferroelectrics (to be published)
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TEMPERATURE VARIATION OF ELECTROSTRICTION OF SrTi03

»
Leuioa,

B.N.N. Achar and G.R. Barsch

DRI e s
24 8 L g

Abstract

The hydrostatic electrostriction coefficient of SrTi03 has been calculated

Pl FRAIK

as a function of temperature on the basis of anharmonic many-body perturbation
theory in the quasiharmonic approximation (QHA) of Bruce and Cow]ey]. Although
the anharmonic shell model employed properly includes Coulomb anharmonicity
(and thus is an improvement over the model of these authors]) it does not
accurately reproduce the temperature dependence of the F]S and R25 phonon
frequencies. Using, therefore, experimental temperature dependent phonon fre-
quencies as input gives very good agreement with experiment for the R.T. value
of the electrostriction coefficient, but not for its temperature derivative.
This discrepancy seems to arise mostly from the limitations of the QHA, rather
than those of the model employed.

]A.D. Bruce and R.A. Cowley, J. Phys. C: Solid State Phys. 6, 2422 (1973).
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APPENDIX 8

100.  POLARIZATION AND DEPOLARIZATION BEHAVIOR OF HOT PRESSED
LEAD LANTHANUM ZIRCONATE TITANATE CERAMICS 104

Journal of Applied Physics (accepted)
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- POLARIZATION AND DEPOLARIZATION BEHAVIOR OF HOT PRESSED .
fi! LEAD LANTHANUM ZIRCONATE TITANATE CERAMICS . o
& ]
-l Yao Xi, Chen Zhili and L.E. Cross :i
: ;
Abstract 4
X!
A detailed study of the polarization and depolarization behavior of )

7:65:35 and 8:65:35 lead lanthanum zirconate titanate (PLZT) transparent
ceramics under DC bias and constant heating rates has been carried out. The

T S P B Ty

dielectric permittivity exhibits a new anomaly near 0°C in freshly thermally
depoled samples which is associated with a build up of macrodomains and the
development of a remanent polarization. From continuity of the dispersive
behaviors it is suggested that the dielectric change at the so-called a-B
transition Td is not a conventional phase change, but rather is a loss of

FONDEDRURY . ) =40 rOsUs,

macro-ordering and a decay back to a disordered microdomain texture.
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APPENDIX 9

101.  NEW DEVELOPMENTS IN PIEZOELECTRIC AND ELECTROSTRICTIVE MATERIALS

L T

Joint US:Japan Seminar on Electroceramics
Rappongi, June 1982
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NEW DEVELOPMENTS IN PIEZOELECTRIC AND ELECTROSTRICTIVE MATERIALS |
1

L.E. Cross & ®

Abstract

Electrostriction is the basic electromechanical coupling in all centric
crystals and in glasses, and is responsible for the 'morphic' piezoelectric
parameters in all ferroelectric ceramics. Recent work to correct the defini-
tion of electrostriction, to improve the measurement of electrostriction in
simple solids, to correlate electrostriction with other anharmonic properties
of insulators and to develop an adequate theoretical model for electrostric-
tion in the perovskites will be briefly reviewed.

Work on a thermodynamic Gibbs function to describe the PbZr03:PbT1'03 solid
solution system will be discussed, and new low temperature measurements of
dielectric and piezoelectric parameters to 4.2°K presented.

Practical application of piezoelectrics and electrostrictive materials
to high strain micro-positioners and multi-position mirrors will be described.
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PIEZOELECTRIC COMPOSITES

R.E. Newnham )

Abstract

The concepts of Curie group symmetry, and interphase connectivity have been
used to explore macrostructures of possible interest as piezoelectric composites.
Based on these design considerations, polymer-ceramic composites have fabricated
with 3-3 phase connectivity by the replication of natural template structures
such as coral, and by a simplified fabrication technique based on the mixing
volatilizable plastic spheres and PZT powder. Perforated 1-3 and 2-3 composites
were made drilling holes in solid PZT and back-filling with polymer. Alternatively,
they can be made as extruded honeycomb structures. Polymer-ceramic composites
with 1-3 phase connectivity were made by embedding PZT rods or PZT spheres in
various polymers. A modified connectivity model with 1-3-0 phase connectivity
was introduced to reduce the Poisson contraction problem found in 1-3 composites.
In 1-3-0 composites, voids were introduced into the polymer matrix by a foaming
process or by mixing in hollow glass microspheres. Lateral stiffening with )
glass fibers is another useful approach, resulting in 1-2-3 or 1-2-3-0 composites.
Many of these composites are superior to single-phase piezoelectric for hydro-
phone applications. Compared to solid PZT, they have higher hydrostatic piezo-
electric coefficients, lower permittivities, and lower densities which can some-
times be adjusted to neutral buoyancy in seawater.

More complex composites are required for high-frequency applications. A
e continuous poling technique has been developed to pole thin PZT fibers and
iy ribbons. These are assembled to form multiply-poled piezoelectric transducers

- (MUPPETs) or d]5 ultrasonic shear sensor (DOFUSS) devices with a wide variety

;ﬂ!' of geometries and applications.
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APPENDIX 11

THE DIELECTRIC PROPERTIES OF Pb(Sc]/zTa1/2)03 AND Pb(Sc]/zTa1/4Nb1/4)O3
CERAMICS UNDER DC BIAS

Journal of the American Ceramic Society (accepted)
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& THE DIELECTRIC PROPERTIES OF Pb(Sc1/2Ta1/2)O3 AND Pb(Sc]/zTa]/4Nb1/4)03
CERAMICS UNDER DC BIAS

Chen Zhili, Yao Xi and L.E. Cross

- . Abstract ]
u Earlier studies have shown that in lead scandium tantalate Pb(Sc1/2Ta1/2)03 .3

(PST) and in the solid solution lead scandium niobate tantalate at the composi-

: tion Pb(Sc]/zTa1/4Nb]/4)03 (PSNT) which form in the cubic perovskite structure, ,
the degree of ordering of the different B site cations of the ABO3 structure 2
u can be controlled thermally. Py
' In this study the weak field dielectric permittivity has been explored as k

‘a function of DC bias fields up to 20 KV/cm over a temperature range of the
b order of 100°C about the dielectric permittivity maximum in both ordered and
E} disordered samples of PST and PSNT. Distinction in properties between disordered ;.]

and ordered cation structures are clearest in pure PST, but persist in the PSNT E

solid solution and are explained by the ordering of polar micro regions under "t.'
bias in the disordered samples.
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APPENDIX 12

104.  REVERSIBLE PYROELECTRIC EFFECT IN Pb(Sc]/zTa]/z)

Ferroelectrics Letters 44, 271-2

03 CERAMICS UNDER DC BIAS

76 (1983)
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REVERSIBLE PYROELECTRIC EFFECT IN Pb(Sc1/2Ta1/2)03 CERAMICS UNDER DC BIAS

Chen Zhili, Yao Xi and L.E. Cross . .

Abstract
It has been shown that quenched Pb(Scl/zTa”Z)O3 (PST) disordered ceramics
and crystals show diffuse dispersive dielectric properties, while well annealed

'
1
{

e

'

1
|

s |
3
FI! ordered materials exhibit normal sharp first order transition. The pyroelectric
; depolarization measurements taken using a Hewlett Packard Model 41408 picoammeter/
t DC Source under computer controlled heating cycle also have shown different
f‘l behaviors between disordered and ordered materials. .
| In this work pyroelectric measurements by Chynoweth method under DC bias
{ up to 1.8 KV/mm within a temperature range of 70°C around the temperature of
i maximum dielectric constant have been studied. A very significant enhancement
E of the pyroelectric signal under DC bias is observed in thermally quenched
E' disordered samples. The largest enhancement of the signal appears at tempera-
E tures some degrees below the temperature of maximum dielectric constant.
The existence of microdomains in disordered materials is believed to be
responsible for this new extrinsic component of reversible pyroelectricity.
The large reversible pyroelectric effect is a promising phenomenon for N
developing new pyroelectric devices.
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s APPENDIX 13
3 105. THE GROWTH AND PROPERTIES OF A NEW ALANINE AND PHOSPHATE
SUBSTITUTED TRIGLYCINE SULPHATE (ATGSP) CRYSTAL

Ferroelectrics (to be published)
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THE GROWTH AND PROPERTIES OF A NEW ALANINE AND PHOSPHATE SUBSTITUTED g

TRIGLYCINE SULPHATE (ATGSP) CRYSTAL i
i

_ ]

C.S. Fang*, Yao Xi**, Z.X. Chen' and L.E. Cross K]

Materials Research Laboratory, The Pennsylvania State University, k

University Park, PA 16802 ]

ABSTRACT . *!j

A modified alanine doped trigiycine sulphate (ATGS) crystal has been 1

grown with partial substitution of H,S0, with HyP0,. Growth of the 3

ATGSP crystal from a unipolar ATGS seed in the temperature range 30-40°C B’i

gives a unipolar bulk crystal with Tower permittivity (er n 30) and Z-j§

]

higher pyroelectric coefficient (6.5-10'4 c/k.mz) than pure TGS. In 3

the doping range used, the higher pyroelectric coefficient is traced to ”.:

]

a significantly larger spontaneous polarization PS (A5 uc/cm2 at room ..1

temperature). Tangent & is below 0.01 over the whole frequency range i ';4

from 100 Hz to 100 KHz. .:
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APPENDIX 14

DOMAIN CONFIGURATION AND PIEZOELECTRIC BEHAVIOR
OF LITHIUM NIOBATE BICRYSTALS .

Ferroelectrics (submitted)
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DOMAIN CONFIGURATION AND PIEZOELECTRIC BEHAVIOR OF LITHIUM NIOBATE BICRYSTALS

YAO XI°, R.E. NEWNHAM and L.E. CROSS
Materials Research Laboratory, The Pennsylvania State University, University
Park, PA 16802

Abstract—Domain configurations in lithium niobate bicrystals have been studied

by chemical etching. The single domain status of linking-type bicrystals is
completely preserved, while in encountering-type bicrystals, a complicated
adjustment always takes place with domains shifting, domains splitting and the
creation of new needle-like microdomains. The effects of the bicrystal boundary
on the piezoelectric behavior is also described. The bicrystal boundary does
not terminate the in-phase piezoelectric vibrations in linking type bicrystals,
but it does isolate the out-of-:-hase vibrations in encountering type bicrystals.
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APPENDIX 15
107. DIELECTRIC BEHAVIOR OF LITHIUM NIOBATE BICRYSTALS

Materials Research Bulletin (submitted)
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DIELECTRIC BEHAVIOR OF LITHIUM NIOBATE BICRYSTALS ﬁ
Yao Xi, R.E. Newnham, and L.E. Cross %
Materials Research Laboratory . .

The Pennsylvania State University ﬂ

University Park, PA 16802

ABSTRACT

The temperature and frequency dependence of dielectric properties
of 1ithium niobate bicrystals are compared to those of the single
crystal. A sharp increase of loss tangent of bicrystal at Tow
frequency and high temperature dominated by electrical conduction
has been observed, while the 1oss tangent spectra of the single
crystal are featureless. Dielectric relaxation has been observed
in twisted encountering bicrystals. The activation energies of
electrical conduction and dielectric relaxation have been esti-
mated.
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APPENDIX 16

THERMALLY STIMULATED CURRENT IN LITHIUM NIOBATE BICRYSTALS

&
o
=

Journal of Applied Physics (submitted)
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THERMALLY STIMULATED CURRENT IN LITHIUM NIOBATE BICRYSTALS
Yao Xi* and L.E. Cross
Materials Research Laboratory

The Pennsylvania State University

University Park, PA 16802
|

Abstract
Thermally stimulated current both perpendicular and parallel to the boundary
surface of lithium niobate bicrystal have been measured. The TS currents are
related to the trapped charge carriers at lattice defects in the boundary region
of enocuntering type bicrystals. Three kinds of traps with single, double and a
continuous distribution of depth have been observed. The trap depths are in the
range of 0.9-1.1 eV. A potential barrier structure is discussed in terms of an

atomistic model for the disturbed boundary region.

*Visiting scientist from Xian Jiaotong University, Xian, China.
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APPENDIX 17

109. THE INFLUENCE OF PIEZOELECTRIC GRAIN RESONANCE ON
THE DIELECTRIC SPECTRA OF LiNbO3 CERAMICS

Journal of the American Ceramic Society (accepted)
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The Influence of Piezoelectric Grain Resonance on
the Dielectric Spectra of LiNbO3 Ceramics

Yao Xi, H. McKinstry and L.E. Cross
idaterials Research Laboratory

The Pennsylvania State University
University Park, PA 16802

Abstract
It has often been suggested that the higher frequency dispersion (f ~ 107 v
108 Hz) evident in the dielectric response of high permittivity ferroelectric

ceramics might be associated with piezoelectrically driven resonant mechanical
motion of individual grains. The hypothesis certainly appears reasonable, but
so far no direct verification appéars to have been attempted. Our discovery
that the individual crystallite resonances are well preserved in poled LiNbO3
bicrystals suggested that we explore the dispersion of LiNbO3 ceramics. In

both conventionally sintered and uniaxially hot pressed ceramics, the dielectric

dispersion around 108

Hz has obvious resonant character. Using a modified ECAP
computer program we are able to demonstrate that both the rea' ind imaginary
components of the impedance can be quantitatively described using the equivalent

circuit models for the coupled individual grain resonances.

kot o

"
oy

1

RN
~oD
ahaibadacdioa Ao

)
'_‘_LLQ.‘_“J td




'q-'ﬂ-‘—q-‘—h—-r—'-—q-—-—v—'qr—--ﬂ S i i el e e e Stk S S S e e b e e S S — e m m | m w e g m fem pem we
o o e~ - ST N - AT a 3 . " o r
.

il

RO
indy
1

3 79

v
| R AU i Y

i~ O
[]
.l

—

§ + | ALLDUORNLIAS ) LATAD
)

: APPENDIX 18
- 110. FERROELECTRIC PROPERTIES OF TUNGSTEN BRONZE LEAD

BARIUM NIOBATE (PBN) SINGLE CRYSTALS )
Ferroelectrics (accepted)
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FERggELECTRIC PROPERTIES OF TUNGSTEN BRONZE LEAD BARIUM NIOBATE (PBN) SINGLE
CRYSTALS

T.R. SHROUT and L.E. CROSS

Materials Research Laboratory, The Pennsylvania State University, University
Park, PA 16802

0.A. HUKIN
Clarendon Laboratory, Oxford University, Oxford, England 0X1 3PU

Abstract-A ferroelectric tungsten bronze single crystal of Pbg, 33Bag, 7oMNb20s was
grown from a melt using the Czochralski technique. The crystal belongs to the
tetragonal point group 4mm with the spontaneous polarization parallel to the '¢'
axis. The room temperature lattice parameters were a = 12.50 & and ¢ = 3.995 A.
The spontaneous polarization was found to be 0.40 C/m2°C. The Curie transition
was 350°C as determined from the temperature dependence of the dielectric con-
stants. The pyroelectric properties were found to be typical of other tetra-
gonal ferroelectric bronzes. OQOielectric constant €17 and piezoelectric constant
d15 show a strong enhancement trom the approach of the tetragonal:orthorhombic
morphotropic phase boundary and it is clear that crystals with composition in
the tetragonal phase field closer to this boundary will be of major interest for
piezoelectric and electro-optic applications.
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APPENGIX 19

LOW FIELD POLING OF SOFT PZTs

Ferroelectrics (submitted)
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LOW FIELD POLING OF SOFT PZTs

T.R. Shrout, A. Safari and W.A. Schulze 191
Abstract . ]
The inherent high electrical resistivity of donor doped or "soft" PZT's ;.ﬂ

enables them to be poled using the field cooling method. The electric fields
required for poling were reduced by a factor of five as compared to fields
used in conventional poling. Dielectric and piezoelectric properties are
reported.
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- 112. DIELECTRIC AND PIEZOELECTRIC PROPERTIES OF PURE ¥
h LEAD TITANATE ZIRCONATE CERAMICS FROM 4.2 TO 300°K :
3

Journal of Phase Transitions (accepted)
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Dielectric and Piezoelectric Properties of Pure

Lead Titanate Zirconqte Ceramics from 4.2 to 300°K

X.L. Zhang, Z.X. Chen, L.E. Cross and W.A. Schulze
Materials Research Laboratory

The Pennsylvania State University
University Park, PA 16802, USA

Abstract: The dielectric and piezoelectric properties (D-P properties) of pure
lead titanate zirconate piezoelectric ceramics (PZTs) with compositions close
to the morphotropic phase boundary (MPB) have been measured from 4.2 to 300°K.
The results are shown, as expected, that the dielectric and piezoelectric
activity are sharply peaked at the composition of the MPB, and it is evident
that both intrinsic sing}e domain and extrinsic domain motion contribute to
this.enhahcement which does not 'freeze out' altogether even at 4°K. The 50/50
composition has anomalous temperature responses of the D-P properties with a
knee in the curve near 150°K, suggesting that the MPB may in fact be shifting

position slightly towards PT richer composition at Tow temperature.
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APPENDIX 21

ﬁ{. 113. DIELECTRIC AND PIEZOELECTRIC PROPERTIES OF MODIFIED
LEAD TITANATE ZIRCONATE CERAMICS FROM 4.2 TO 300°K

Journal of Materials Science (accepted)
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Dielectric and Piezoelectric Properties of

Modified Lead Titanate Zirconate Ceramics from 4.2 to 300°K

X.L. Zhang, Z.X. Chen, L.E. Cross and W.A. Schulze
Materials Research Laboratory
The Pennsylvania State University
University Park, PA 16802, USA

Abstract: The dielectric and piezoelectric properties (d-p properties) of four
kinds of doped lead titanate zirconate piezoelectric ceramics (PZTs) have been
measured from 4.2 to 300°K. The d-p properties of the materials converge with

decreasing temperature down to liquid helium temperature, even though the pro-

perties have large differences at room temperature. The values of mechanical
and electrical quality factors Qe, Qmn and of the frequency constant N of the
materials increased at low temperature. It is evident from the freeze out in
K' and the associate temperature:frequency dependent maxima in tan & that the
relaxation processes including ferroelectric domain wall motion and thermal
defect motion contribute to the d-p properties. The Navy type-III composition

has a minimum temperature coefficiént of d-p parameters and it is evident that

PZT ceramics modified with Fe203 can provide good stability and also give the

strongest pilezoelectric response at liquid helium temperature.
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114. FABRICATION OF GRAIN-ORIENTED Bi,W0. CERAMICS

276

Journal of the American Ceramic Society (submitted)
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FABRICATION OF GRAIN-ORIENTED B'iZNO6 CERAMICS

T. Kimura, M.H. Holmes and R.E. Newnham

Abstract

Grain-oriented 812N06 ceramics were fabricated by normal sintering techni-
ques. Platelike crystallites were initially synthesized by a fused salt process
using an NaC1-KC1 melt. When calcined at <800°C, the 812N06 crystallites are
3% um in size and, at >850°C, ~100 um. After dissolving away the salt matrix,
the Bizwo6 particles were mixed with an organic binder and tapecast to align
the platelike crystallites. Large particles were easily oriented by tapecasting
but the sinterability of the tape was poor. Preferred orientation of small
particles was increased by tapecasting and grain growth during sintering further
improves the degree of orientation. Sintering above the 950°C phase transition,
however, results in discontinuous grain growth and low densities. Optimum con-
ditions for obtaining highly oriented ceramics with high density occur at sinter-
ing temperatures of 900°C using fine-grained powders which yield orientation
factors of A0.88 and densities of 94% theoretical.
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APPENDIX 23

{}: 115. FABRICATION OF GRAIN ORIENTED PbBiZNbZO9 CERAMICS

Journal of the American Ceramic Society (submitted)
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FABRICATION OF GRAIN ORIENTED PbBiZszog CERAMICS 1

Sheng-He Lin, S.L. Swartz, W.A. Schulze and J.V. Biggers "ﬁ

" Abstract !

This paper describes a process for the fabrication of grain oriented o
PbBiszZO9 ceramics. A molten salt technique was used to synthesize crystal- ".':
lites of: PbBiszzO9 with a high degree of shape anisotropy. Tape casting and ]
subsequent uniaxial hot pressing resulted in ceramics with grain orientation )
of greater than 90% with densities greater than 96% theoretical. 4
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APPENDIX 24
116. GRAIN ORIENTED PIEZOELECTRIC CERAMICS AT PENN STATE

Joint US:Japan Seminar on Electroceramics
Rappongi, June 1982
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GRAIN ORIENTED PIEZOELECTRIC CERAMICS AT PENN STATE
W.A. Schulze

Abstract

Ferroelectrics with high transition temperatures are typically those which
have a large crystalline anisotropy and in some cases a symmetry limited number
of polar axes. These materials have found Tittle use for piezoelectric devices,
due to the limited number of possible domain orientations in conventional poly-
crystalline ceramics, making them difficult to pole. An intensive effort is
being made here at the Materials Research Laboratory of Penn State University to
fabricate ferroelectric ceramics with a large degree of grain orientation.
This technology might lead to applications for anisotropic ferroelectrics.

Two families of anisotropic ferroelectrics are presently being investigated:
the bismuth oxide layer structures such as Bi,Ti,0,, and PbBi,Nb,0

. 41302 o Splgp ARt e
tungsten bronzes such as PbNb,0. and Pb,_,Ba,Nb,0.. OQur fabrication process
utilizes the techniques of molten salt synthesis and tape casting and to

develop grain orientations of greater than 95% and densities in the range of

30-95% theoretical.
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APPENDIX 25
117. FABRICATION OF PEROVSKITE LEAD MAGNESIUM NIOBATE

:
:
B

Materials Research Bulletin, Vol. 17, pp. 1245-1250 (1982)
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FABRICATION OF PEROVSKITE LEAD MAGNESIUM NIOBATE
S.L. Swartz and T.R. Shrout

Abstract
The perovskite relaxor ferroelectric lead magnesium niobate (Png]/3Nb2/303)
is an important material because of its high dielectric constant and correspond-
ingly large electrostrictive strains. However, it is difficult to prepare a
polycrystalline ceramic form because of the formation of a stable pyrochlore
phase. The reaction kinetics during calcining were investigated and an improved
fabrication scheme was developed.
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APPENDIX 26
118. DIELECTRIC PROPERTIES OF PYROCHLORE LEAD MAGNESIUM NIOBATE

Materials Research Bulletin, Vol. 18 (1983)
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DIELECTRIC PROPERTIES OF PYROCHLORE LEAD MAGNESIUM NIOBATE *,3

4

T.R. Shrout and S.L. Swartz 1

Abstract '-'J

A pyrochlore with the composition Pb, 831 71M95. 290539 Was fabricated ’*#

and found to belong to the anion deficient structural family of pyrochlores

having space group Fd3m with a lattice parameter a = ?0.59883. A room tempera- .
ture dielectric constant of 130 with an anomalous peak near 20 K due to a R
relaxation phenomenon were as observed.
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APPENDIX 27
119.  ELECTROSTRICTION
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Electrostriction
L.E. Cross
Materials Research Laboratory
The Pennsylvania State University
University Park, PA 16802

Electrostriction is the basic electromechanical coupling in all centric
crystals and glasses, and the origin of the strong piezoelectric effects in
all poled ferroelectric perovskite ceramics, yet reliable values of electro-
striction constants are only available for a few crystals, the true temperature
dependence pf the constants is largely unknown, and a convincing atomistic
theory for their origin has not been given.

This talk will focus upon electrostriction in oxygen octahedron type
crystals where strain levels of practical interest can be achieved at realizable
fields. The special features of behavior in a wide range of relaxor ferroelectric
systems will be compared and contrasted with the response in simple ordered
structures.

The separation of intrinsic, polarization biased electrostriction and
extrinsic domain related phenomena will be considered in the piezoelectric
effects in PZT, PLZT and other perovskites of complex composition.

Higher order electrostriction will be briefly touched upon and its possible

effects upon elastic behavior considered.
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APPENDIX 28

ELECTROSTRICTION AND ITS RELATIONSHIP TO OTHER
PROPERTIES IN PEROVSKITE-TYPE CRYSTALS
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Electrostriction and Its Relationship to Other
Properties in Perovskite-Type Crystals

K. Rittenmyer, A.S. Bhalla, Z.P. Chang and L.E. Cross

Materials Research Laboratory
The Pennsylvania State University
University Park, PA 16302

Electrostriction is the basic electromechanical coupling effect present in
all solids. The direct quadratic electrostrictive effect represented in tensor
notation by the coefficient,'Qijk], relates the strain induced in a solid, (eij)’
to the square of the polarization, (PkP]), in the equation,

€5 Y31PePy (1)
Sixth and higher order terms can be added to this equation if the strain versus
polarization-squared relationship is not linear. Alternatively, the electrostric-
tion coefficients can be obtained through the converse electrostrictive effect,

845 * Wy351%0 (2)
by measuring the change in inverse dielectric susceptibility, Axij’ produced by
the application of a stress, %1 Again, higher order terms can be added phenom-
enologically to account for nonlinear behavior. A sixth-order term is adequate
for our case. The complete converse effect can then be written as

85 = Qi3k1%1 * 2% 3k1mn%k1%m0n (3)
where °ijklmn is a sixth order electrostriction constant. We have performed
experiments of this type on-several fluoride perovskite single crystals (e.g.,
KMgF,, KMNF,, KZnF,, KCaFé, etc.) and have evaluated both fourth and sixth
order electrostriction coefficients.

The dielectric constant, which is inversely proprotional to the inverse
dielectric susceptibility, is related to the amplitude and’frequency of optical
phonons at long wave]engths. The pressure as well as temperature dependence of
this vibrational mode gives information on the anharmonicity present in the
crystals lattice. It is therefore possible, as shown by Uchino],'to reilate these
effects to each other and other similar anharmonic effects such as thermal
expansion and higher order elastic constants, and to other properties such as
compressibility and dielectric constant. These observations are discussed with
respect to our measurements on the fluoride perovskites.

» -
e S

IN. Uchino, L.E. Cross, Jpn: J. Appl. Phys.
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APPENDIX 29

121.  DIRECT MEASUREMENT OF ELECTROSTRICTION
IN PEROVSKITE TYPE FERROELECTRICS
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Direct Measurement of Electrostriction
in Perovskite Type Ferroelectrics

M. Shishineh, C. Sundius, T. Shrout and L.E. Cross
Materials Research Laboratory
The Pennsylvania State University
University Park, PA 16802

A simplified AC capacitance dilatometer based on the design of Uchino and
Cross(]) has been constructed to measure directly the temperature dependence of _
electrostrictive strain in perovskite type ferroelectric crystals and ceramics.
A mechanical bridge circuit is used to compensate for thermal expansion of the
mechanical components eliminating the need for DC servo stabilization. The
instrument has been used in the temperature range from 20°C to 200°C. In the
AC method, the electrostrictive strain under AC driving field is compared to
the known strain induced in a quartz reference crystal under phase locked con-
ditions. The method has been checked with the known piezoelectric behavior
of quartz and of selected PZT disk samples.; Measurements of Q constants will
be reported for lead magnesium niobate (PMN), lead magnesium niobate:lead
titanate solid solutions (PMN:PT), lead iron niobate:lead iron tungstate (PFN:
PFW) and related relaxor ferroelectrics. Temperature dependence of the electro-
strictive Q constants in single crystals BaTiO3 in the paraelectric phase above

Tc will be reported and the results discussed and compared to earlier studie§(2’3).

b :

® 1. K. Uchino, L.E. Cross, Ferroelectrics 27, 35 (1980).

F' 2. H. Beige, G. Schmidt, Exp. Technix. der Phys. 22, 393 (1974).

b 3. E. Huibregtse, W.H. Bessey and M.E. Drougard, J. Appl. Phys. 30, 899 (1959).
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¥ APPENDIX 30
8 122.  THE EFFECTS OF VARIOUS B-SITE MODIFICATIONS ON THE DIELECTRIC

AND ELECTROSTRICTIVE PROPERTIES OF LEAD MAGNESIUM NIOBATE CERAMICS
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The Effects of Various B-site Modifications on the 1

Dielectric and Electrostrictive Properties of Lead Magnesium Niobate Ceramics '3

1 D.J. Voss, S.L. Swartz and T.R. Shrout * el

foalag i o

Materials Research Laboratory .3
The Pennsylvania State University %
University Park, PA 16802 3

b Abstract :0j
{ The perovskite relaxor ferroelectric lead magnesium niobate (Png]/3Nb2/303. 5
h hereafter designated PMN) was first synthesized in the late 1950's and has since :
been widely investigated for both dielectric and electrostrictive strain applica- ;‘}
tions. The dielectric properties of PMN are characterized by a broad, frequency i'%

dependent maximum of the dielectric constant just below room temperature. The
magnitude of this maximum (at 1 KHz, 15,000 for ceramic PMN) decreases and the
temperature of this maximum increases with increasing frequency. Due to the large
dielectric constant of PMN, electrostrictive strains are comparable to the piezo-

electric strains of PZT ceramics.'.

" Recent publications, out of this laboratory, have described an improved

fabrication technique for ceramic'PMNz, and demonstrated that the dielectric ‘;a
properties of PMN are quite dependent on fabrication parameters (stoichiometry,

sintering temperature, etc.)3. The purpose of this investigation is to study the

effects of various B-site substitutions (Ni<', co?’, zn?", cd®*, Fe3*, Ti%*, 12",
5 =04

» etc.) and fabrication parameters on the dielectric and electrostrictive pro--
perties of PMN. The effects of substitutional cation size and valence on the 3
maximum dielectric constant, transition temperature range, and diffuseness of

transition will be determined and correlated with electrostrictive measurements.

:
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|
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3
14

. S. Nomura and K. Uchino, Ferroelectrics 41, 117-132 (1982). 3
S.L. Swartz and T.R. Shrout, Mat. Res. Bull. 17, 1245-1250 (1982) . )

. S.L. Swartz, T.R. Shrout, W.A. Schulze and L.E. Cross, submitted for =9
publication. )
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PERFORATED PZT COMPOSITES FOR HYDROPHONE APPLICATIONS 'E
. ~

A. Safari, S. DaVanzo and R.E. Newnham !
Materials Research Laboratory 5

The Pennsylvania State University 4
University Park, PA 16802 .3

el

Macrosymmetry and interphase connectivity have been used to explore the

E; possible macrostructures of interest for piezoelectric composites. Based on ~

these design considerations, PZT-polymer composites with 3-1 and 3-2 con-

nectivity patterns have been fabricated. These composites were prepared

by drilling circular and square holes perpendiculér to the poling directiom

in prepoled PZT blocks and filling the holes with epoxy. The influence of

hole size, separation between the holes and thickness on the piezoelectric

o e { pvd g etk

properties of the composites was studied. An enhancement in the piezo-
Ei electric ah coefficient was observed due to the decoupling of the piezo-
L - electric 333 and 331 coefficients in the composites. The dielectric con-

stant of PZT is lowered considerably because of the polymer phase. The

combination of high dh and low dielectric constant results in greatly en-
hanced Eh. For hydrophone applications, these composites give good acous-

tical matching with water because of their low density.

A theoretical analysis was made to calculate internal stress dis-

tribution and local polarization in order to understand the enhancement of
ah and Eh' The finite element method (FEM) was used to calculate the in-
ternal stress distribution inside the composites under hydrostatic loading.

The local and remanant polarization and piezoelectric matrix were calculated.

T
.
PR |

From these data the macroscopic piezoelectric coefficients d, and §h of the

h
composites were calculated. ~
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APPENDIX 32
124.  TRANSVERSELY REINFORCED 1-3 PIEZOELECTRIC COMPOSITES

ol
e il )
P X Pl B AL

LRy - e e
D L
£

RS A
-

PESRIIRP AR SIS Y TaN] D 1N P Rl I Ny B IR . e bt sa ken don ST IPVE P L T PR A NP 1T WL S o LA W S SR WA PR R A WA S _._...J




e T e T e T T R —— T ——w

108 i+

Transversely Reinforced 1-3 Piezoelectric Composites

M.J. Haun, T.R. Gururaja, W.A. Schulze and R.E. Newnham
Materials Research Laboratory
The Pennsylvania State University
University Park, PA 16802

Piezoelectric PZT-polymer 1-3 composites were transversely reinforced to
increase the hydrostatic piezoelectric coefficients for possible use in hydro-
phone applications. These composites were made of a polymer matrix with PZT
rods aligned in the poling direction (Xa) and reinforcement in the transverse
directions. The reinforcement consisted of aligned glass fibers and/or a rigid
encapsulation. Both types of reinforcement act to greatly decrease the piezo-
electric 83] coefficient by carrying most of the lateral stresses. The 333
coefficient is relatively unaffected, because PZT rods carry most of the stress
in the poling direction. This decoupling of the 83] and 833.coeff1c1ents
enhances the hydrostatic piezoelectric &h coefficient. The effect of the glass
fibers is dependent on the polymer matrix used. Because of the stiffness of many
epoxies, no significant increase in ah results, but more compliant polyurethanes
are significantly reinforced giving improved ah coefficients. ODue to the differ-
ences in poisson’s ratios and compliances of PZT and the polymer matrix, adverse
internal stresses develop which can contribute to the 831 coefficient. To lower
the 831 coefficient the polyurethane is foamed, in addition to adding glass fibers,
which lowers the poisson's ratio, and reduces the internal stresses. Greater
hydrostatic sensitivity is achieved by foamjng polyurethane, but only at low
pressures. At higher pressures the pores begin to collapse and the polymer

stiffens, lowering the sensitivity of the composite. This pressure dependence

r can be greatly reduced by encapsulating the composite in epoxy. The epoxy encap-
Iy sulation also prevents penetration of the 1iquid medium into the porous composite,

as well as providing additional transverse reinforcement. Oue to the small

e T

@ percentage of PIZT used, these composites have densities near that of water,

r :

5: and much lower dielectric constants than solid PZT, resulting in large increases
- in the piezoelectric éh coefficient. By increasing ah and §h' the d, g, product
2 used as the figure of merit, is greatly enhanced.
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APPENDIX 33

125.  PZT-POLYMER COMPOSITE TRANSDUCERS FOR ULTRASONIC MEDICAL APPLICATIONS
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PZT-Polymer Composite Transducers for Ultrasonic Medical Applications

T.R. Gururaja, W.A. Schulze and L.E. Cross -
Materials Research Laboratory
The Pennsylvania State University
University Park, PA 16802, USA
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B.A. Auld, June Wang and Y.A. Shui
Edward L. Ginston Laboratory
W.W. Hansen Laboratories of Physics f.
Standford University
Standford, CA 94305, USA
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ABSTRACT ;
Compositesof piezoelectric ceramic (lead zirconate titanate) rods aligned

in an epoxy resin matrix have been evaluated for ultrasonic medical diagnostic

application. The two main advantages of the composite materials over single
phase lead zirconate titanate ceramics are: 1) acoustic impedance can be
tailored to minimize reflection losses at the transducer-load interface; 2)
composites have lower mechanical Q and lead to better pulse reproduction.

Hiéh frequency dynamic behavior of the composite materials in resonmant
configurations are very complex. The complex ;esonan: modes are characterized

by the following technique<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>